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1 Zusammenfassung 

Die chemische Modifikation von RNA-Molekülen findet in allen drei Domänen 

des Lebens statt und beschränkt sich nicht nur auf eine Gruppe bestimmter 

RNAs, sondern wird an allen Klassen der zellulären RNAs durchgeführt. 

Obwohl bis heute bereits mehr als 100 verschiedene Modifikationstypen 

identifiziert werden konnten, ist die funktionelle Bedeutung dieser vielfältigen 

chemischen Veränderungen für die jeweiligen RNA-Moleküle noch nicht 

abschließend geklärt. Durch das Einfügen einer neuen chemischen Gruppe 

erweitert sich das topologische Potential der RNA, weshalb davon 

ausgegangen wird, dass die Modifikationen zur Feinsteuerung der mit der 

betreffenden RNA verbunden Funktion beitragen. Eine Veränderung im 

Modifikationsmuster kann daher zu schwerwiegenden funktionellen Defekten 

führen. Die Ausprägung eines Krankheitsbildes im Menschen (X-linked 

Dyskeratosis congenita) kann zum Beispiel in Zusammenhang mit 

Mutationen in Modifikationsfaktoren der ribosomalen RNAs (rRNA) gebracht 

werden. Die Untersuchung der Bedeutung von rRNA Modifikationen für die 

Funktion und die Biogenese von Ribosomen ist Gegenstand zahlreicher 

aktueller Arbeiten. Interessanterweise befinden sich die meisten chemischen 

Veränderungen der rRNAs an funktionell wichtigen Stellen, die in allen bisher 

untersuchten Organismen stark konserviert sind. Es wird daher davon 

ausgegangen, dass sie einen wichtigen Anteil an der korrekten Durchführung 

des Translationsprozesses haben. Die Steuerung der cap- bzw. IRES-

abhängigen Translationsinitiation, die von alternierenden rRNA 

Modifikationsmustern beeinflusst wird, kann hierfür als gutes Beispiel 

aufgeführt werden. Neuere Untersuchungen weisen zudem darauf hin, dass 

nicht alle Modifikationsstellen zu jedem Zeitpunkt des Lebenszyklus 

modifiziert vorliegen, sondern eine Heterogenität bei der rRNA Modifikation 

beobachtet werden kann. Dadurch ist es denkbar, dass unterschiedliche 

Heterogenitätszustände mit unterschiedlichen funktionellen Anforderungen 

an das Ribosom korrelieren (spezialisierte Ribosomen). Das Phänomen der 

Heterogenität kann aber auch mit krankhaften Veränderungen der 
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Zellphysiologie in Zusammenhang gebracht werden (z.B. Entstehung von 

Krebs). In den hier aufgeführten Beispielen wird somit die Bedeutung von 

rRNA Modifikationen für die Funktion von Ribosomen deutlich, weshalb das 

Verständnis der damit verbundenen komplexen Prozesse von großem 

Interesse ist.  

Die am häufigsten vorkommenden rRNA Modifikationen sind Methylierungen 

und Isomerisierungen. Die kovalente Modifikation mit einer Methylgruppe 

kann am Zuckerrest (Nm) oder an einer Base (mN) des RNA-Moleküls 

durchgeführt werden. Bei der Isomerisierungsreaktion findet eine Konversion 

der Base Uridin zu Pseudouridin (") statt. Die Methylierung des Zuckerrests 

sowie die Umwandlung von Uridin zu Pseudouridin werden mit Hilfe von C/D 

(Methylierung) und H/ACA (Isomerisierung) Box snoRNPs (kleine nukleoläre 

Ribonukleoproteinpartikel) stellenspezifisch katalysiert. Während die 

katalytischen Proteinkomponenten der Partikel (Nop1 bei C/D box snoRNPs 

und Cbf5 bei H/ACA snoRNPs) für die Modifikationsreaktionen zuständig 

sind, führt die spezifische Basenpaarung der snoRNA (small nucleolar RNA) 

mit dem Zielmolekül zu einer exakten Positionierung der Modifikation. Im 

Unterschied dazu werden die Basenmethylierungen direkt von snoRNA-

unabhängigen Methyltransferasen katalysiert. 

Neben den bereits beschriebenen funktionellen Auswirkungen von fehlenden 

rRNA Modifikationen liegen zahlreiche Daten vor, die zeigen, dass der 

Verlust mancher Modifikationen auch die Biogenese des Ribosoms 

beeinflusst. Entscheidende Fortschritte zum Verständnis dieses komplexen 

Prozesses wurden durch Forschungsarbeiten mit dem Modellorganismus 

Saccharomyces cerevisiae erzielt. Während hier die von snoRNPs 

katalysierten Modifikationen und deren Auswirkungen auf die Funktion und 

Biogenese des Ribosoms in zahlreichen Publikationen bereits gut 

charakterisiert werden konnten, waren zu Beginn dieser Arbeit die Proteine, 

die die Basenmethylierungen der 25S rRNA der großen 60S Unterheinheit 

des Hefe-Ribosoms katalysieren, noch unbekannt. Das aus zwei 
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Untereinheiten bestehende Ribosom (40S und 60S) wird an 4 Stellen der 

18S rRNA der 40S Untereinheit durch die Proteine Nep1, Bud23 und Dim1 

(" 1191, G1575, A1782, A1782) basenmodifiziert. Für die 5S und 5.8S rRNA 

der 60S Untereinheit wurden bisher keine und für die 25S rRNA der großen 

Untereinheit zwei m1A (1-Methyladenosin), eine m5C (5-Methylcytosin), zwei 

m3U (3-Methyluridin) und zwei m5U (5-Methyluridin) Modifikationen 

beschrieben. Der Zusammenhang zwischen rRNA Modifikationen und der 

Funktion des Ribosoms machen deutlich, wie wichtig es ist, alle an den 

Modifikationsreaktionen beteiligten Komponenten zu identifizieren und näher 

zu charakterisieren. Das Ziel der vorliegenden Arbeit war es daher, die 

bisher noch unbekannten Proteine, die für die aufgeführten 

Basenmethylierungen der 25S rRNA verantwortlich sind, aufzufinden und 

deren physiologische Rolle genauer zu analysieren. Dazu wurde zunächst 

untersucht, ob der Ausfall spezieller Proteine eine Auswirkung auf eine oder 

mehrere Basenmethylierungen hat. Die Veränderung des 

Modifikationsmusters in entsprechenden Deletionsmutanten wurde durch 

eine umfassende Analyse der 25S rRNA untersucht, indem die aus 

Ribosomen isolierten 25S rRNAs enzymatisch verdaut und die einzelnen 

Nukleoside mittels Reversed Phase - HPLC (RP-HPLC) aufgetrennt wurden. 

Die modifizierten Nukleoside wurden anschließend durch 

massenspektroskopische Untersuchungen genau identifiziert, wodurch eine 

erneute Kartierung aller Basenmethylierungen der 25S rRNA erfolgte. 

Interessanterweise wurden dabei Abweichungen zu den in den vorhandenen 

Datenbanken aufgeführten Ergebnissen festgestellt. Während die zwei m1A 

Modifikationen und die zwei m3U Modifikationen eindeutig identifiziert werden 

konnten, war es nicht möglich, die Existenz der zwei m5U Modifikationen 

nachzuweisen und zu bestätigen. Im Gegensatz dazu zeigte die in dieser 

Arbeit angewendete Methode eindeutig, dass anstelle von einer m5C 

Modifikation zwei solcher Modifikationen vorhanden sind, wobei die 

Modifikation am Nukleotid 2870 der 25S rRNA in vorherigen Arbeiten nicht 

identifiziert werden konnte. Mit Hilfe der beschriebenen methodischen 

Ansätze und zusätzlichen Primer Extension-Versuchen war es somit 
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anschließend möglich, den Verlust einer jeweiligen Basenmethylierung 

eindeutig bestimmten Deletionsmutanten zuzuordnen.  

Die Gene, die für die Basenmethylierungen der 25S rRNA zuständig sind, 

kodieren für die Proteine Rrp8, Ybr141c, Rcm1, Nop2, Yil096c und Ylr063w. 

Da es sich bei Ybr141c, Yil096c und Ylr063w um bisher noch nicht 

charakterisierte Proteine handelte, wurden für diese die Benennung Bmt2 

(Ybr141c), Bmt5 (Yil096c) und Bmt6 (Ylr063w) für Base methylation of 

twenty-five S rRNA eingeführt. Die identifizierten Proteine gehören zur 

Klasse der Methyltransferasen mit Rossmann-ähnlicher Falte und besitzen 

dadurch S-Adenosylmethionin (SAM)-Bindemotive. Um eindeutig überprüfen 

zu können, ob die Existenz der jeweiligen Basenmethylierungen von der 

Methyltransferasefunktion der einzelnen Proteine abhängig ist, wurden im 

Verlauf dieser Arbeit Mutanten hergestellt, die Proteine mit defekten 

Methyltransferasefunktionen produzieren. Die durchgeführten Experimente 

zeigten, dass Mutationen in den SAM-Bindemotiven der einzelnen Proteine 

zum Verlust der bereits vorher identifizierten Basenmethylierungen führen. 

Durch diese Bestätigung der Ergebnisse mit den Deletionsmutanten konnten 

die Basenmethylierungen nun zweifelsfrei den jeweiligen Proteinen 

zugeordnet werden. Rrp8 und Bmt2 sind für die beiden m1A Modifikationen 

zuständig, wobei Rrp8 die Methylierung an Position 645 (m1A645) und Bmt2 

die Methylierung an Position 2142 (m1A2142) der 25S rRNA katalysiert. Die 

Methylierung der Base an Position 2278 durch Rcm1 führt zur Bildung einer 

m5C Modifikation (m5C2278). Die zweite m5C Modifikation an Position 2870 

(m5C2870) wird durch das Protein Nop2 katalysiert. Bmt5 und Bmt6 sind für 

die zwei m3U Modifikationen an den Positionen 2634 (m3U2634) bzw. 2843 

(m3U2843) zuständig. 

Nach der Identifizierung der einzelnen Proteine wurde die physiologische 

Rolle dieser Enzyme sowie der korrespondierenden Basenmethylierung 

durch phänotypische Untersuchungen genauer analysiert. Dazu wurden die 

phänotypischen Auswirkungen der Proteine mit defekter 
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Methyltransferasefunktion und sogenannter rDNA Mutanten beobachtet. Im 

Gegensatz zum Wildtypstamm werden in den rDNA Mutanten die zu 

modifizierenden Nukleotide durch andere Nukleotide ausgetauscht, wodurch 

das noch funktionsfähige Protein nicht mehr in der Lage ist, den spezifischen 

Methylgruppentransfer zu katalysieren. Zusammengefasst ließ sich dabei 

feststellen, dass der Verlust von m1A645 mit einer Hypersensitivität der Zelle 

gegenüber dem Aminoglykosid-Antibiotikum Paromomycin und einem im 

Vergleich zum Wildtypstamm verlangsamten Wachstum bei niedriger 

Temperatur einhergeht (Kältesensitivität). Der Ausfall der m1A2142 

Modifikation, die sich in der funktionell und strukturell wichtigen Helix65 der 

25S rRNA befindet, führt zu einer geringeren Resistenz der Zelle gegenüber 

oxidativen Stress. Die Modifikationen m5C2278 und m5C2870 sind in Helix70 

bzw. Helix89 der 25S rRNA lokalisiert und haben ebenfalls funktionelle 

Auswirkungen. Während der Verlust von m5C2278 zur Hypersensitivität der 

Zelle gegenüber dem Antibiotikum Anisomycin führt, zeigte die Untersuchung 

einer Mutante mit defekter Nop2-Methyltransferasefunktion, dass sich der 

Verlust von m5C2870 negativ auf frühe rRNA Prozessierungsschritte und auf 

die Biogenese der 60S Untereinheit auswirkt. Dadurch wurde deutlich, dass 

die in dieser Arbeit neu identifizierte m5C2870 Modifikation, die durch das 

essentielle Protein Nop2 katalysiert wird, eine wichtige funktionelle und 

strukturelle Funktion übernimmt. Im Gegensatz dazu waren beim Ausfall von 

Bmt5 und Bmt6 keine signifikanten phänotypischen Veränderungen 

festzustellen. 

Durch die Ergebnisse der vorliegenden Arbeit konnten alle für die 

Basenmethylierungen der 25S rRNA verantwortlichen Proteine identifiziert 

werden, wodurch neue Ansatzpunkte für die Untersuchung der Bedeutung 

von rRNA Modifikationen geschaffen wurden. Während der Ausfall der 

Modifikationen teilweise mit starken 60S Biogenesedefekten und verstärkten 

Sensitivitäten gegenüber bestimmter Antibiotika einhergeht, können die 

Modifikationen mit keiner essentiellen Zellfunktion in Zusammenhang 

gebracht werden. Dies deutet, zusammen mit bereits anderen 
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veröffentlichten Ergebnissen, erneut auf eine duale Funktion von Faktoren 

der Ribosomen-Biogenese hin. Im Fall des essentiellen Proteins Nop2 wird 

deutlich, dass nicht der Methylgruppentransfer, sondern vielmehr das 

Vorhandensein des Proteins mit der essentiellen Funktion zusammenhängt.
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2 Summary 

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 identified to date. These chemical 

modifications expand the topological repertoire of RNAs and are expected to 

fine-tune their functions. Ribosomal RNA (rRNA) contains two types of 

covalent modifications, either methylation on the sugar (Nm) or bases (mN), 

or base isomerization (conversion of uridine into pseudouridines, "). 

Pseudouridylations and ribose methylations are catalyzed by site-specific 

H/ACA and C/D box snoRNPs, respectively. The RNA component (snoRNA) 

of both types of snoRNPs is responsible for the site selection by base pairing 

with the rRNA substrate, whereas the protein component catalyzes the 

modification reaction: Nop1 in C/D box and Cbf5 in H/ACA box snoRNPs. 

Contrastingly, base methylations are performed by snoRNA independent, 

‘protein-only’, methyltransferases (MTases). rRNA modifications occur at 

highly conserved positions, all clustering around functional ribosomal sites. 

Mutations in factors involved in rRNA modification have been linked to 

severe human diseases (e.g. X-linked Dyskeratosis congenita). Emerging 

evidences indicate that heterogeneity in RNA modification prevails, i.e. not all 

positions are modified at all time, and the concept of ‘specialized ribosomes’ 

has been coined. rRNA modification heterogeneity has been correlated with 

disease etiology (cancer), and shown to play a role in cell differentiation 

(hematopoiesis). Remarkably, alteration in rRNA modification patterns 

profoundly affects the preference of ribosomes for cap- versus IRES-

dependent translation initiation, with major consequences on cell physiology. 

25S rRNA of the large subunit of ribosome in yeast was previously shown to 

contain seven base methylations: 2 m1A (1-methy adenosine), 1 m5C (5-

methyl cytosine), 2 m3U (3-methyl uridine) and 2 m5U (5-methyl uridine), the 

precise location, physiological significance, and enzymes responsible for 

which remained unknown. Identification of these enzymes is absolutely 
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instrumental to understand the significance of rRNA modifications in cell 

physiology.  

 In the present study all base methylations of the 25S rRNA in yeast were 

subjected to comprehensive analysis, where each base methylation was 

accurately characterized and mapped using RP-HPLC (Reversed Phase 

High Performance Liquid Chromatography) and mass spectrometry. This 

analysis not only validated previously known base methylations but also 

demonstrated that the 25S rRNA of yeast contains two m5C residues (only 

one m5C residue was known before), and lacks m5U residues, as previously 

predicted.  

To identify and characterize corresponding enzymes, responsible for these 

base methylations, “reverse genetics” approach was utilized where deletion 

mutants of all putative RNA methyltransferases were subjected to RP-HPLC 

screening. In this screening, 25S rRNAs from all these deletions mutants 

were isolated and their composition was analyzed using RP-HPLC, mass 

spectrometry and primer extension. RP-HPLC screening and subsequent 

phenotypic characterization led to the identification of all six base 

methyltransferases of the 25S rRNA. 

Rrp8, a putative methyltransferase, previously shown to be involved in the 

40S synthesis turned out to be the methyltransferase responsible for m1A645 

base methylation of the 25S rRNA, whereas Bmt2 (Ybr141c), a previously 

uncharacterized protein was exhibited to be the methyltransferase, 

responsible for the m1A2142 methylation. Further biochemical analysis with 

the Rrp8 and Bmt2 methyltransferase-dead mutants along with rDNA point 

mutant revealed that where loss of m1A645 makes cells hypersensitive to 

paromomycin and impairs the growth at lower temperature (cold sensitivity), 

loss of m1A2142 modification at helix 65 makes cells more susceptible to 

oxidative stress. 
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During this doctoral work, we revealed for the first time that instead of one, 

25S rRNA of S.cerevisiae contains two m5C methylations at position 2278 

and 2870, located in the helix 70 and helix 89 of the 25S rRNA, respectively. 

Furthermore we identified both methyltransferases, responsible for m5C2278 

and m5C2870 methylations of the 25S rRNA. Rcm1 methylates C5 of 

cytosine (m5C) 2278, whereas Nop2 catalyze methylation of cytosine (m5C) 

at position 2870. 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. We also 

exhibited that loss of m5C2278 causes anisomycin hypersensitivity in yeast. 

Finally, we also identified both m3U methyltransferases of the 25S rRNA. 

Bmt5, a previously uncharacterized protein (Yil096c) catalyzes the m3U 

methylation at residue 2634 and Bmt6, also previously uncharacterized 

protein (Ylr063w) catalyzes the m3U methylation at position 2843 of the 25S 

rRNA. 

Taken together, the analyses of these modifications revealed that the base 

methylations play a significant role in 60S biogenesis and in antibiotic 

sensitivity. Surprisingly, most of rRNA modifications are dispensable for cell 

viability although the enzymes are essential for growth and ribosome 

biogenesis. This clearly highlights a dual functionality of these enzymes in 

ribosome biogenesis. Additionally, many of these methyltransferases are 

highly conserved. The human homolog of Rrp8, Nucleomethylin (NML) is 

involved in regulation of rRNA synthesis and is an integral component of 

eNOSc complex, whereas the human homolog of Nop2 acts as a tumor 

marker. Interestingly, the human homolog of Rcm1 is completely deleted in 

Williams-Beuren syndrome, which is a complex developmental disorder. The 

substrates of most of the human homologs remained to be identified. As the 

positions of most of these modifications are also highly conserved, the 

knowledge gained from yeast provides now an excellent opportunity to 

analyze the substrate specificities of these human homologs.
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3 Introduction 

The storage, transmission, and translation of genetic information, is a 

fundamental condition of life. Nucleic acids, which include DNA and RNA, 

carry out all these vital tasks. While the role of DNA as a molecular repository 

of genetic information was established in the early half of 20th century, we 

have just started understanding the multiple facets of RNA in cellular 

function, which was earlier considered just to transmit the DNA encoded 

genetic information for protein synthesis (Avery et al., 1944; Hershey and 

Chase, 1952; Crick, 1970). RNA biology has undergone a huge 

transformation in last 40 years and as a result has elucidated its remarkable 

functional diversity that extends beyond information transport. The discovery 

of new species of non coding RNA (ncRNA) including small nuclear and 

nucleolar RNA (snRNA and snoRNA), micro-RNA (miRNA), and long non-

coding RNA (lncRNA), along with Riboswitches have uncovered an another 

layer of the function of RNA in sensing and controlling gene expression in 

responses to various cellular signals (Bachellerie et al., 2002; Mattick and 

Makunin, 2006; Strobel and Cochrane, 2007; Montange and Batey, 2008; 

Mercer et al., 2009; Carell et al., 2012). RNA molecules are now known to 

possess both catalytic and regulatory function, a domain previously confined 

to proteins. This potential of RNA in storing genetic information like DNA and 

catalyzing chemical reactions like proteins has even led to a “RNA world” 

hypothesis, making RNA molecules the key precursors in the evolution of 

cellular life (Gilbert, 1986).  

What makes RNA to perform these wide arrays of functions? Looking at the 

chemical composition of RNA, like DNA, RNA is also a polymer, made up of 

monomers known as nucleotides, consisting of three characteristic 

components: (1) a nitrogenous base, (2) a pentose sugar, and (3) a 

phosphate (Figure 1). The only constituent that separates RNA from DNA 

and provides the identity to these nucleic acids is the pentose sugar: D-

ribose in RNA and 2-deoxy-D-ribose in DNA. As far as nitrogenous bases are 
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concerned, both DNA and RNA contain two major purine bases, adenine (A) 

and guanine (G), and two major pyrimidines (Figure 1B). In both DNA and 

RNA one of the pyrimidines is cytosine (C), but the second major pyrimidine 

is not the same in both: it is thymine (T) in DNA and uracil (U) in RNA. 

 

Figure 1. (A) Chemical structure of the DNA and RNA repeating units (dinucleotide). (B) 

Canonical nitrogenous bases (purines and pyrimidines) in nucleic acids.  

The important clues regarding the functional diversity of the RNA have been 

provided by the analysis of the chemical composition of RNA (Klootwijk and 

Planta, 1973; Maden and Khan, 1977; Motorin and Helm, 2011; Machnicka 

et al., 2012). These analyses of the constituents of RNA have highlighted 

interesting differences between RNA and DNA. 

Apart from four canonical bases, RNA from all three kingdoms of life contains 

a large variety (more than 100) of modified residues (Machnicka et al., 2012). 

Evidently, to perform sophisticated processes like gene regulation and 
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catalysis, the chemical diversity provided by just four canonical nucleobases 

is not sufficient. RNA molecules undergo distinct post-transcriptional 

modifications at numerous sites to expand their functional diversity. The 

position of modified nucleosides and their chemical nature are of 

fundamental importance for the function (Carell et al., 2012). 

3.1 Chemical modifications in RNA 

RNA contains primarily three kinds of chemical modifications: (1) ribose 

methylation, (2) pseudouridylation and (3) modification of nitrogenous bases 

(Machnicka et al., 2012) (Figure 2). All these modifications are introduced 

both post-transcriptionally and/or co-transcriptionally (Kos and Tollervey, 

2010; Motorin and Helm, 2011). 

Figure 2. Diversity of RNA nucleotide methylation. Both carbon and nitrogen atoms of the 

bases have been observed to undergo methylation. All atoms currently known to undergo 

various modifications in RNA have been highlighted with an orange circle. 
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As seen in figure 2, both carbon and nitrogen atoms of the bases are 

targeted for addition of chemical modifications. All these modifications 

influence the physical and chemical properties of RNA, ultimately affecting 

their biological function.  

3.1.1 Ribose methylation 

Methylation of 2´-OH of ribose sugar to a 2´-O-methyl is a characteristic 

modification in many non-coding RNA (ncRNA) including tRNA, rRNA and 

siRNAs (Figure 3). Interestingly, ribose methylation favors a 3´-endo 

conformation of the ribose and since 3´-endo conformations are known to 

stabilize A-form helices, methylation of ribose increases the rigidity of the 

RNA by promoting base stacking.  

Figure 3. (i) Structure of 2´-O methylated ribose sugar. Ribose rings are not planar and in 

nucleotides can exist in four different puckered conformations. In all cases, four of the five 

atoms are in a single plane. (ii) The fifth atom (C-2’ or C-3’) is on either the same (endo) or 

the opposite (exo) side of the plane relative to the C-5’ atom. These conformations influence 

the three-dimensional structure of the nucleic acid. 

Furthermore, ribose methylation provides RNA the stability against hydrolysis 

by bases and nucleases. Intriguingly, the analysis of the chemical 

composition of RNA from thermophiles has revealed that these organisms 

contain a higher amount of ribose methylation, supporting their role in 

stabilization of the RNA (McCloskey et al., 2001; Noon et al., 2003).  
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3.1.2 Pseudouridylation 

Pseudouridylation (#) is a C-glycoside rotation isomer of uridine (Figure 4). 

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 pseudouracil 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. 

Figure 4. Structural differences between uridine and pseudouridine. Pseudouridine is a C-

glycoside rotation isomer of uridine. 

Furthermore like ribose methylation, pseudouracil also favors a C3$-endo 

sugar pucker (the conformation preferred by an A-form RNA helix) (Figure 3) 

and has been shown to increase the thermal stability of RNA by up to 2°C 

(Hayrapetyan et al., 2009). Therefore the presence of " also plays an 

important role in RNA stability that may not be essential, but seemingly 

provides a significant benefit. 

3.1.3 Base modifications 

Non coding RNA, especially rRNA and tRNA contain a variety of base 

modifications, which have been extensively reviewed by different groups 
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(Helm, 2006; Motorin and Helm, 2011; Carell et al., 2012; Jackman and 

Alfonzo, 2012). Interestingly, methylation of nitrogenous bases is the most 

prevalent base modification in the ncRNA (Figure 5).  

Base methylation promotes base stacking by increasing the hydrophobicity 

and expanding the polarizability (Yi and Pan, 2011). 

 

Figure 5. Various base methylations of RNA. 

Methylation also influences the structure by increasing steric hindrance, 

blocking canonical (Watson–Crick) hydrogen bonding and fostering non-

canonical Hoogsteen base paring. This presumably helps ncRNA to attain 

and maintain specific conformations, essential for their corresponding 

function (Motorin and Helm, 2011; Carell et al., 2012). The discovery of m6A 

methylations in the mRNA has further expanded the territory of base 

methylation, which was previously confined only to ncRNAs (Jia et al., 2011; 

Meyer et al., 2012). Recent studies have shown that these base methylations 

are not only providing structural significance to the RNA but also plays 

regulatory role in cellular physiology (Saletore et al., 2012). 

3.2 Ribosome-structure and function 

One of the most interesting cellular processes documenting a wide range of 

RNA´s functional diversity is protein synthesis (translation), carried out by 
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three RNA species, messenger RNA (mRNA), transfer RNA (tRNA) and 

ribosomal rRNA, along with different ribosomal and non-ribosomal 

(translation factors) proteins. During translation, ribosomes decode the 

genetic information carried by mRNA and polymerize the corresponding 

amino acids delivered by transfer RNAs (tRNAs) into proteins. For almost 

half a century, it was believed that the catalytic reaction of joining of amino 

acids during the translation is carried out by ribosomal protein. But 

surprisingly, structural and functional analyses of ribosomes revealed that it 

is the rRNA that catalyzes the linking of amino acids during protein synthesis, 

making ribosome a “ribozyme” (Lilley, 2001; Steitz and Moore, 2003).  

Interestingly, analysis of the chemical composition of rRNA revealed that 

rRNA also contains different modifications, corroborating the notion that the 

chemical modifications expand the stereochemical possibilities of RNA to 

perform complex process like translation. Supportingly, mapping of these 

chemical modifications revealed that all these modifications cluster in 

functionally conserved regions of the ribosomes, highlighting their yet elusive 

role in the functioning of ribosomes (Decatur and Fournier, 2002; Piekna-

Przybylska et al., 2008). 

All ribosomes contain two unequal subunits, named after their sedimentation 

coefficient: 40S and 60S in yeast, and 30S and 50S in bacteria (Wilson and 

Doudna Cate, 2012). These subunits come together during translation to 

organize the whole events of protein synthesis. In contrast to the bacterial 

70S (30S + 50S) ribosomes, eukaryotic 80S (40S + 60S) ribosomes are 

much larger and more complex, containing additional rRNA called expansion 

segments (ES), eukaryote specific ribosomal proteins (r-proteins) and 

additional domains within conserved r-proteins (Ben-Shem et al., 2010). The 

bacterial 70S ribosome is 2.3 MDa and contains 4.5 kb nucleotides of rRNA 

and 54 r-proteins, whereas eukaryotic 80S ribosome is 3.3 MDa and contains 

5.5 kb nucleotides of rRNA, (small subunit (SSU), 18S rRNA; large subunit 

(LSU), 5S, 5.8S, and 25S rRNA) and 80 (79 in yeast) r-proteins (Wilson and 
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Doudna Cate, 2012). Recent crystal structure  of prokaryotic, archaeal and 

eukaryotic ribosomes have provided immense details about the structural 

intricacies of ribosomes (Ban et al., 2000; Wimberly et al., 2000; Ben-Shem 

et al., 2010; Klinge et al., 2011). 

Ribosomes from all three kingdoms of life share an evolutionary conserved 

core formed by rRNA (Melnikov et al., 2012) (Figure 6). Interestingly, 

additional rRNA or expansion segments and additional r-proteins in 

eukaryotes are located predominantly on the solvent exposed surface at the 

periphery, encasing the conserved core (Ben-Shem et al., 2011).  

Figure 6.!Structural overview of the conserved core of bacterial and eukaryotic ribosomes. 

RNA is shown in light blue and proteins are displayed in light red. Apart from the conserved 

core, ribosomes of different domains of life contain specific set of proteins and extensions 

and insertions in conserved proteins (all shown in red), along with specific rRNA expansion 

segments shown in dark blue. This figure has been reproduced and adapted from Melnikov 

et al. (2012). 

The eukaryote-specific extensions of the ribosomal proteins present in the 

functional core interact with the rRNA expansion segments and help to 

structurally connect the ring to the functional core. As most of the translation 

factors bind on to the surface of ribosomes, interactions between these 

moieties on the surface and those spreading from the functional centers 

might assist allosteric communication to regulate translation (Wilson and 

Doudna Cate, 2012).  
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3.2.1 Small subunit (SSU) of the ribosome 

In Saccharomyces cerevisiae, the small subunit (SSU) is called 40S and 

contains a single 18S rRNA (1.8 kb) along with 33 ribosomal proteins (Ben-

Shem et al., 2010). Like in E.coli, the secondary structure of 18S rRNA is 

divided into four domains and contains 45 helices (Noller and Woese, 1981) 

(Figure 7).  

Figure 7. Secondary structure of 18S rRNA of yeast. Reproduced and adapted from (Petrov 

et al. 2013). The 5´, central (C), 3’ major (3´M), and 3’ minor (3´m) domains are displayed in 

light blue, brown, pink and green colors, respectively. The helix numbering is also provided. 

18S rRNA of yeast contains 45 helices. 

These helices of RNA molecules associate to form the tertiary structure that 

provides a globular shape to the rRNA. A common pattern found throughout 
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the ribosome is to connect the helices by bulge loops or internal loops of 

different length, leading to bends that provides high degree of structural 

curvature (Noller, 2005; Ben-Shem et al., 2011). Non-canonical base pairs, 

base-phosphate and base-ribose interactions in combination with coaxial 

stacking of helices play a major role in establishing and stabilizing these 

global fold of the ribosome (Noller, 2005). These tertiary interactions provide 

rigidity and flexibility to the different domains of ribosomes.  

The small subunit of ribosome is responsible for the decoding process during 

translation, where aminoacyl tRNAs are selected according to the mRNA 

sequence (Ramakrishnan, 2002). The 40S subunit contains different 

functional sites, the mRNA channel for accommodating mRNA, the decoding 

center responsible for decoding, and three tRNA binding sites (A, P and E) 

(Figure 8). The A site (acceptor site) assists binding of incoming aminoacyl-

tRNA, the P site accommodate  tRNA with the nascent polypeptide (peptidyl-

tRNA), and the E site (exit site) is where tRNA leaves the ribosome.  

Like 30S in bacteria, the 40S in yeast also contains easily recognizable 

features used as structural landmarks: a head, beak, body, platform, 

shoulder, and spur (foot) (Figure 8) (Ben-Shem et al., 2010). These 

morphologically distinct features demonstrate the remarkable structural 

complexity of rRNA and allow independent movement, necessary during 

translation. The mRNA and the three tRNA-binding sites (A, P and E) are 

located on the subunit interface (Figure 8). 

Although the basic architecture of the core of small subunit is similar in 

bacteria and eukaryotes, there are extensive differences between bacterial 

and yeast on small ribosomal subunit´s solvent side (Melnikov et al., 2012; 

Wilson and Doudna Cate, 2012). Because the translation initiation factors 

interact with the solvent side of the small subunit, these differences perhaps 

account for the differences in prokaryotic and eukaryotic translation initiation. 
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Figure 8. 3D structure of the small subunit (SSU) of Thermus thermophilus (left) and 

S.cerevisiae (right) with interface view. For both 30S and 40S, the rRNA is shown in blue, 

whereas ribosomal proteins are shown in magenta. Helix 44 of the 40S is displayed in cyan. 

The 3D structure of 30S of T.thermophilus and 40S of S.cerevisiae was made by PyMol 

software (PyMOL Molecular Graphics System, Version 1.2r3pre, Schrödinger, LLC.) using 

pdb file 3ZN7, and 3U5B and 3U5C, respectively. 

The mRNA enters through a channel located between the head and the 

shoulder. The entry port of the mRNA channel is surrounded by helix 16 

(Ben-Shem et al., 2011). In contrast to prokaryotes where helix 16 (h16) 

adopts a closed conformation (in order to form the mRNA entry tunnel 

together with S3p, S4p and S5p), helix 16 in the eukaryotes (yeast) adopts 

an open orientation that outspreads from the body (Wimberly et al., 2000; 

Ben-Shem et al., 2011) (Figure 9). Furthermore where h16 is covered 

completely by S4p in prokaryotes, in yeast, h16 is naked, with no rRNA-

protein interactions (Ben-Shem et al., 2010) (Figure 9). It has been 

hypothesized that binding of factors eIF1 and eIF1A along with IRES (internal 

ribosome entry sites) to the 40S subunits during translation initiation 

stimulates h16 to adopt a closed conformation, which stabilizes an opening 

of the mRNA entry latch and allows scanning (Jackson et al., 2010; Aitken 

and Lorsch, 2012). It is important to note that in bacteria the start-codon is 

selected by the Shine-Dalgarno sequence that confirms correct positioning of 
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the start codon on the small subunit. However, eukaryotes lack any such 

interaction. Therefore the interaction of eIF1 and eIF1A and binding with the 

h16 is critical for the proper selection of the start codon. 

Figure 9. 3D structure of the SSU of E.coli (30S) and S.cerevisiae (40S) with solvent view. 

For both 30S and 40S, the rRNA is shown in blue, whereas ribosomal proteins are shown in 

magenta. The 3D structure of 30S of E.coli and 40S of S.cerevisiae was made by PyMol 

software (PyMOL Molecular Graphics System, Version 1.2r3pre, Schrödinger, LLC.) using 

pdb file 3I10, and 3U5B and 3U5C, respectively. 

The beak of the small subunit and h18 in the body form the entry tunnel 

latch. The beak structure in eukaryotes has significant differences compared 

with bacteria and contains an additional eukaryote-specific protein, S17 

(Ben-Shem et al., 2010) (Figure 9). 

The mRNA exit site is more complex in eukaryotes and contains several 

auxiliary constituents. Along with S5, eukaryote specific protein S26e and 

one additional unidentified protein creates the mRNA path (Ben-Shem et al., 

2010) (Figure 9). The solvent side around the mRNA exit site of the 40S 

subunit contains eukaryote specific proteins and rRNA expansion segments. 

Recent cryo-EM and cross linking analysis of the 40S have shown that eIF3 

binds to this region of the 40S subunit (Siridechadilok, 2005; Beznosková et 

al., 2013). This interaction is believed to be crucial for mRNA recruitment to 
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the ribosome during translation initiation. Intriguingly, in eukaryotes both 

mRNA entry and exit sites are in a direct contact between each other (Ben-

Shem et al., 2010). 

The decoding center of the small subunit is situated on the interface surface 

and is made up of three domains from the head, shoulder and the 

penultimate stem. The 3’-minor domain of the 18S rRNA forms an extended 

helix (helix 44, h44) that runs down the axis of the 40S subunit interface that 

interacts with the helix 69 (H69) of the 60S subunit (Ben-Shem et al., 2010) 

(Figure 8). These interactions are crucial for subunit joining during 

translation. 

3.2.2 Large subunit (LSU) of the ribosome 

The large subunit of the ribosome catalyzes peptide bond formation (Rodnina 

et al., 2007). It contains functional sites for tRNA binding (A, P and E), the 

peptide exit tunnel, and the peptidyl transferase center (PTC) (Figure 10). 

The PTC is responsible for peptide bond formation The LSU in yeast is called 

60S and contains three rRNAs, 25S, 5.8S and 5S, along with 46 ribosomal 

proteins. The rRNA of the LSU is divided into seven domains (including the 

5S rRNA as domain VII) and contains 101 helices (25S rRNA) (Ban et al., 

2000) (Figure 11). Intriguingly, the domains of 25S rRNA are more closely 

packed against one another than domains of 18S rRNA and are not 

distinguishable as separate domains at low resolution   

Nevertheless, the 60S also displays structural landmarks that include the 

central protuberance (CP) and the flexible L1 and P stalk (Ben-Shem et al., 

2011; Klinge et al., 2011) (Figure 10). Also, in contrast to 40S, where the 

eukaryote specific expansion segments are on the solvent exposed surface, 

the expansion segments in 60S form a continuous ring that surrounds the 

peptide exit tunnel and stretches from the P-stalk side of the back to its L1 

side (Ben-Shem et al., 2011).  
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Figure 10. 3D structure of the large subunit (LSU) of Thermus thermophilus (50S) and 

S.cerevisiae (60S) with interface view. For both 50S and 60S, the rRNA (23S and 25S) is 

shown in green, whereas ribosomal proteins are shown in red. 5S rRNA is displayed in 

yellow. The 3D structure of 50S of T.thermophilus and 60S of S.cerevisiae was made by 

PyMol software (PyMOL Molecular Graphics System, Version 1.2r3pre, Schrödinger, LLC.) 

using pdb file 3ZN9, and 3U5D and 3U5E, respectively. 

The 5S rRNA and L6e dominate the central protuberance of the large subunit 

in eukaryotes (Ben-Shem et al., 2011) (Figure 10). During translation, 

especially during 40S head rotation and mRNA translocation, the central 

protuberance (CP) undergoes dynamic changes along with the A-site finger 

to coordinates changes in other crucial sites of 60S, L1 stalk, the GTPase 

(guanosine triphosphate) center, and the peptidyl-transferase center (Ratje et 

al., 2010; Ben-Shem et al., 2011). Interestingly the crystal structure from 

yeast has shown that eukaryotes have enhanced central protuberance due to 

the presence of several additional eukaryotic specific elements. The main 

rRNA additions to the CP are two coaxially stacked helices of ES9L, and 

ES12L of H38. Furthermore, the presence of eukaryote specific L20e also 

facilitate the multiple interaction of CP with P stalk and PTC and add on to 

the surface of CP (Ben-Shem et al., 2011). 

The L1 stalk is a mobile element that plays a role in vacating the exit-site 

tRNA (Ben-Shem et al., 2011; Klinge et al., 2011). It comprises of a stalk 
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H76, H77, H78 and the upper part of L1 protein. The L1 stalk undergoes a 

wide range of movements during the translocation and is believed to be 

critical for the release of E site tRNA (Figure 10). Cryo-EM studies have 

shown that the eEF3 interaction with L1 also plays an important role for the 

release of E site tRNA by stabilizing the outward position of the L1 stalk 

(Andersen et al., 2006; Kurata et al., 2010; Ben-Shem et al., 2011; Melnikov 

et al., 2012). 

The P stalk in eukaryotes is also a mobile element and comprises of H44 and 

H47 along with five acidic proteins that are arranged as a pentameric 

complex (P0-[P1A-P2B]/[P1B-P2A]) (Grela et al., 2008; Ben-Shem et al., 

2011; Cardenas et al., 2012; Wilson and Doudna Cate, 2012) (Figure 10). 

The P0 acts as an anchor to join the complex with the stalk (Krokowski et al., 

2006; Taylor et al., 2009). The P1 stalk interacts with elongation factor EF2 

and comprises of GTPase associated center of ribosome (GAC) (Taylor et 

al., 2007). GAC of the 60S is essential for binding and GTPase activity of 

ribosomal GTPases involved in initiation, decoding, translocation, and 

peptide release during protein synthesis (Frank et al., 2007; Taylor et al., 

2009). 

LSU also contains the peptide exit tunnel, the site from where the nascent 

polypeptide chain emerges out at the solvent side during translation (Figure 

10). In eukaryotes conserved regions of the 25S rRNA along with the 

eukaryotic specific protein, L39e, mainly make the wall of the tunnel 

(Melnikov et al., 2012). L22 forms a constriction of the tunnel, which is 

located ~30 Å from the peptidyl transferase center (PTC) (Wilson and 

Beckmann, 2011; Melnikov et al., 2012) . Interestingly, eukaryotes have a 

narrower constriction because of insertions in protein L4. On the solvent side, 

L19e and L31e make the border of the polypeptide exit tunnel (Ben-Shem et 

al., 2011). 
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3.2.2.1 Domain architecture of the 25S rRNA 

Following 23S rRNA of E.coli, the 25S rRNA of yeast has also been divided 

into six domains with each domain consisting of different helices that fit 

together to generate a compact monolithic RNA mass (Ban et al., 2000) 

(Figure 11). Each domain of the 25S rRNA constitutes different motifs of the 

60S subunit that engage in different function during translation. 

Domain I consist of 25 helices and lies in the back of the particle, behind and 

below the L1 region (Figure 11 and Figure 12)  

Domain II is the largest of the all six domains and contains 21 helices that 

form most of the back of the particle (Figure 11 and Figure 12). Three of its 

helices, H42, H43, and H44 make the P stalk of the 60S subunit. 

Domain III includes 14 helices that make a compact globular domain and 

occupies the bottom left region of the subunit (Figure 11 and Figure 12). 

Apart from domain V, the domain III interacts with all other domains. 

Domain IV contains 12 helices and builds the intersubunit surface of the 60S 

subunit that interacts with 40S (Figure 11 and Figure 12). Helix 69 of the 

domain IV interacts with helix 44 of the 40S subunit and plays an important 

role in subunit joining. 

Domain V contains 21 helices and makes the catalytic center of the 60S, the 

peptidyl transferase center (Figure 11 and Figure 12). Helix 75 of domain V 

binds to protein L1. Helix 80 to 88 forms the majority of the central 

protuberance region. Helixes 89 to 93 are believed to establish interactions 

with the elongation factors during translation.  



Introduction 

27 

Figure 11. Secondary structure of 25S, 5.8S and 5S rRNA of yeast. Reproduced and 

adapted from Petrov et al. (2013). 25S rRNA has been divided into six major domains, 

shown in different colors. The 5S rRNA is displayed in green and the 5.8S rRNA is shown in 

brown color. 

Domain VI is the smallest part and includes 8 helices. It forms the surface of 

the subunit beneath the mobile L1 stalk of the 60S.  The characteristic 

feature of this domain is Sarcin-ricin loop (SRL) (helix 95). This loop is 

essential for the binding of translation factors (Ban et al., 2000). Intriguingly,  
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Figure 12. Domain architecture of the 25S rRNA. All six domains of the 25S rRNA are 

shown in 3D structure of 60S subunit. Colors pattern is selected according to the secondary 

structure shown in the figure 12. 3D structure was made by PyMol software (PyMOL 

Molecular Graphics System, Version 1.2r3pre, Schrödinger, LLC) using pdb file 3U5D. 

the cytotoxins !-sarcin and ricin both inactivate ribosomes by cleaving a 

single bond SRL loop. Elongation factors, eIF1 and eEF2 interacts the SRL 

loop and the integrity of the loop is essential for the binding of these factors 

(Klinge et al., 2012). 

3.3 Protein Synthesis in eukaryotes 

Protein synthesis is a fundamental cellular process, catalyzed by ribosomes. 

The whole process of protein synthesis or translation can be divided into four 

stages: initiation, elongation, termination and recycling. During translation 

initiation, the ribosome is assembled at the initiation codon in the mRNA with 

a methionyl initiator tRNA at its P-site. In elongation aminoacyl-tRNAs enter 

the A-site. If these aminoacyl-tRNAs in A-site correspond to the codon 

available in the decoding center, the ribosome catalyzes the peptide bond 

formation. Next, the tRNA and mRNA translocate in a fashion such that next 

codon is move to A-site. This results in shifting of the A-site tRNA to the P 
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site and discharging the deacylated P-site tRNA through E-site and the 

process is repeated. The termination takes place when a stop codon is 

encountered and the finished peptides are released. Finally the ribosomal 

are dissociated, releasing the mRNA and deacylated t-RNAs. 

3.3.1 Translation initiation 

The first step in translation initiation is the formation of a ternary complex of 

initiator Met-tRNA, translation initiation factor eIF2 and GTP (Figure 13). 

Next, this ternary complex assembles with the 40S ribosomal subunit and 

four translation initiation factors, eIF1, eIF1A, eIF3 and eIF5 to build a pre-

initiation complex (PIC) (Sachs and Davis, 1990; Kozak, 1999). Binding of 

eIF1/eIF1A and eIF3 to the 40S subunit elicit an open  conformation, which 

subsequently facilitate binding of the ternary complex (Passmore et al., 2007; 

Sonenberg and Hinnebusch, 2009). The PIC is next loaded on to the mRNA. 

The poly (A)-binding protein (PABP), eIF3, eIF4B and the eIF4F complex 

(consisting of the cap-binding protein (eIF4E), an RNA helicase (eIF4A) and 

eIF4G) assist the recruitment of PIC complex (Kapp and Lorsch, 2004; 

Jackson et al., 2010) (Figure 13). After loading of PIC complex onto to the 5´

end of mRNA, the start codon AUG is scanned and once recognized, the 

eIF1 is discharged from the PIC. This ejection of eIF1 results in the activation 

of GTPase domain of eIF2 that consequently results in dephosphorylation of 

GTP. eIF5, a GTPase activating protein is also required for triggering this 

GTPase activity of eIF2 (Jackson et al., 2010) (Figure 13). The 

dephosphorylation of the eIF2 bound GTP results in a closed  conformation 

of the PIC and arrests the scanning process with concomitant release of 

eIF2-GDP and eIF5. Next, the 60S subunit joins PIC and assembles the 

initiation complex (Sonenberg and Hinnebusch, 2009; Aitken and Lorsch, 

2012). A second GTPase, eIF5B promotes the subunit joining by 

conformational rearrangement of the complex and releasing eIF1A (Figure 

13). This release of eIF1A marks the end of initiation phase and beginning of 

the elongation phase of the protein synthesis (Kapp and Lorsch, 2004). 
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Figure 13. Schematic diagram displaying the current model for the mechanism of eukaryotic 

translation. This figure has been reproduced and adapted from Jackson et al. (2010). 
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3.3.2 Elongation 

Translation elongation begins with a peptidyl-tRNA in the ribosomal P site 

and an empty A site. During elongation the aminoacyl-tRNA are carried to 

the A site as part of ternary complex with GTP and the elongation factor 

eEF1A, rather than eIF2 (Kapp and Lorsch, 2004; Jackson et al., 2010) 

(Figure 13). The binding of cognate-tRNA in the A site activates the GTPase 

domain of eEF1A and results in the release of aminoacyl tRNA into the A

site. Next the peptidyl transferase center of the ribosome catalyzes the 

peptide bond formation between the amino acid in the P site (methionine on 

initiator tRNA) and the amino acid on the tRNA in the A site. Surprisingly, 

instead of ribosomal protein, rRNA is believed to carry out the joining of 

amino acid. 

Formation of peptide bond between the amino acids carried by A-site tRNA 

and P-site tRNA leads to a deacylated tRNA in a hybrid state with its 

acceptor end in E site of the LSU and its anticodon end in P site of SSU. 

Similarly the peptidyl-tRNA is in a similar situation with its acceptor end in the 

P-site of the LSU and its anticodon end in the A-site of the SSU. This 

complex next undergoes translocation to move the peptidyl-tRNA completely 

to the P site, which leads to the release of the deacylated tRNA through the 

E-site and makes the A site free for new incoming aminoacyl-tRNA (Kapp 

and Lorsch, 2004; Ratje et al., 2010). 

During translocation the mRNA is also moved three nucleotides to further 

place the next codon in the decoding center of the SSU.  Elongation factor 2 

facilitates the translocation by hydrolyzing GTP (Spahn et al., 2004; Taylor et 

al., 2007). This cycle is repeated until a stop codon is encountered, which 

leads to the termination of translation. 
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3.3.3 Termination 

The presence of a stop codon in the A-site of the ribosomes initiates the 

termination of translation. During termination the peptidyl transferase center 

of the ribosome hydrolyzes the ester bond linking the peptide chain to the P-

site-tRNA. This results in the release of completed polypeptide chain. The 

termination of translation is facilitated by eRF1 (Kapp and Lorsch, 2004; 

Wilson and Doudna Cate, 2012) (Figure 13). eRF1 is believed to induce 

conformational changes in the ribosomal active site that leads to the 

hydrolysis of ester bond (Wilson and Doudna Cate, 2012). 

3.3.4 Recycling 

The final phase of translation is the recycling of the ribosomal subunits so as 

to use them in the next round of initiation. In bacteria the factors responsible 

for subunit dissociation have been well characterized. Ribosome release 

factor (RRF) along with EF-G GTP and IF3 promotes the dissociation of the 

post termination complex (Pisarev et al., 2007) (Figure 13). Surprisingly, as 

far eukaryotic translation termination is concerned, the factors responsible for 

dissociation of the post termination complex remained unknown. 

Nevertheless, recent studies from Pestova´s lab have highlighted the 

involvement of eIF3, eIF1, eIF1A, and eIF3j (loosely associated subunit of 

eIF3) in recycling of the eukaryotic post-termination complexes (post-TCs) 

(Pisarev et al., 2007) (Figure 13). Apart from eIF3, anti-association activity of 

eIF6 is believed to be involved in the recycling phase (Kapp and Lorsch, 

2004; Wilson and Doudna Cate, 2012). However, it is not clear if these anti-

association activates are needed to dissociate the post termination complex 

or to prevent premature association of the ribosomal subunits (Pisarev et al., 

2007). 
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3.4 Ribosome Biogenesis in yeast 

Ribosomes are synthesized in a special compartment of the nucleus called 

nucleolus, a membrane less, crescent shaped organelle that is formed 

around the rDNA locus (Woolford and Baserga, 2013). In yeast, there are 

around 150 tandem repeats of the rDNA transcription unit located on 

chromosome XII. This special feature of rDNA locus accounts for a very high 

demand of ribosomes for protein synthesis. During a single generation (~90 

minutes), yeast produces an astonishing 200,000 ribosomes (Venema, 

1999). Multiple copies of rDNA and an elongation rate of 40 – 60 nt/sec of 

RNA polymerase allows cells to meet this staggering demand to maintain its 

proteome (Henras et al., 2008). 

Three (18S, 5.8S and 25S) out of four mature rRNAs that constitutes the 

ribosome are co-transcribed as single polycistronic transcript, 35S by RNA 

polymerase I (Venema, 1999) (Figure 14). After being transcribed in the 

nucleolus the nascent 35S pre-rRNA assembles with the machineries that 

catalyze the successive steps in rRNA processing (Figure 15), modification 

and folding as well as assembly of ribosomal proteins into a 90S particle 

(Figure 16) (Henras et al., 2008; Woolford and Baserga, 2013). This 

assembly into 90S particle can also be visualized by chromatin spreads 

(Miller and Beatty, 1969). It is believed that these structures are the earliest 

nascent pre-ribosomes.  

The initial 6.6 kb pre-rRNA (35S rRNA) contains not only the sequences for 

18S, 5.8S and 25S rRNA but also contains RNA sequences that do not make 

part of the mature ribosomes (Figure 15). These extra RNA sequences 

include 5´ and 3´ ETS (external transcribed spacer) along with ITS1 and ITS2 

(internal transcribed spacers 1 and 2) and part of the noncoding transcribed 

spacer 3´ downstream to the 25S (3´ ETS) (Figure 15) (Venema, 1999). 
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Figure 14. rDNA unit of yeast (S.cerevisiae). Yeast contains around 150 tandem repeats of 

these rDNA transcription units, located on chromosome XII. The 35S pre-rRNA operon 

contains the sequences for the mature 18S, 5.8S, and 25S rRNAs separated by the two 

internal transcribed spacers, ITS1 and ITS2, and flanked at either side by two external 

transcribed spacers, the 5$ ETS and 3$ ETS. The position of the known processing sites is 

also shown. 5S rRNA is transcribed independently and is separated by NTS1 and NTS2 

from 35S pre-rRNA operon. The scheme has been adapted from Venema (1999). 

These sequences are removed sequentially during 35S rRNA processing 

and play a significant role during ribosome synthesis by acting as a binding 

site of different trans acting factors, both proteins and snoRNAs that in turn 

orchestrate rRNA cleavage, folding and incorporation of ribosomal proteins. 

The 35S pre-rRNA is cleaved at three positions, A0, A1, and A2, to generate 

the intermediate 33S, 32S, 27SA2, and 20S RNA precursors (Venema, 1999; 

Woolford and Baserga, 2013) (Figure 15). The 20S and 27SA2 precursors 

then follow two independent routes to generate 18S rRNA of SSU and two of 

three rRNAs of LSU 25S and 5.8S, respectively. The third rRNA constituent 

of LSU, the 5S rRNA is transcribed separately by RNA polymerase III and 

processed independently. 

3.4.1 Small Subunit (40S) biogenesis 

The 18S rRNA of the SSU is processed from the 35S pre-rRNA by a 

cleavage at A2 site in ITS1. Recent studies from Tollervey´s lab have 

elucidated that this cleavage is mostly co-transcriptional (Kos and Tollervey, 

2010). This cleavage step splits the pre-18S rRNA from the pre-LSU rRNAs, 

5.8S and 25S. The endonucleolytic cleavage at A2 and other early 

processing at site A0 and A1 are mediated by a large ribonucleoprotein 

complex, named “SSU processome”, although the precise enzymes 
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responsible for these endonucleolytic cleavages remained elusive (Dragon et 

al., 2002; Osheim et al., 2004; Perez-Fernandez et al., 2007). The SSU 

processome comprises of U3 snoRNP (Snu13, Nop56, Nop58, Nop1p-

fribrillarin and Rrp9) and approximately 70 proteins (Dragon et al., 2002; 

Krogan et al., 2004; Phipps et al., 2010). The U3 snoRNP belongs to the 

class of box C/D snoRNPs but does not participate in any modification 

reaction. Nevertheless along with 333nt long snoRNA, it consists of 

canonical C/D box structural and enzymatic proteins (Nop1, Nop58, Nop58) 

along with U3 snoRNP specific proteins (Snu13 and Rrp9). Cross-linking and 

point mutations analysis of U3 snoRNA have revealed that it base pairs with 

three different sites in the 5´ETS (Dutca et al., 2011; Lim et al., 2011; van 

Nues et al., 2011; Woolford and Baserga, 2013). 

Base pairing of U3 snoRNA has been indicated to be critical for the cleavage 

and precise folding of the pre-rRNA. The SSU processome constitutes three 

complexes that associate sequentially with the nascent 35S rRNA to build 

the 90S particle: (1) t-UTP or UTP-A complex (U three protein complex 

required for transcription), (2) UTP-B or Pwp2 and (3) UTP-C (Figure 16) 

(Henras et al., 2008; Phipps et al., 2010; Thomson et al., 2013). The t-UTP 

complex is the first protein complex that interacts with the early pre-RNA and 

comprises of seven proteins (Utp10, Nan1, Utp4, Utp8, Utp5, Utp9, Utp15) 

(Gallagher, 2004). Recent studies have also shown that many of t-UTP 

proteins are also involved in optimal transcription of rDNA (Gallagher, 2004). 

The UTP-B complex contains Pwp2, Dip2, Utp21, Utp13, Utp18, Utp6 

proteins and the UTP-C complex contains Utp22, Rrp7, Cka1, Cka2, Ckb1, 

Ckb2 proteins, respectively (Perez-Fernandez et al., 2007). Interestingly, all 

three complexes can be formed independently from pre-rRNA transcription 

and does not require the association of other complexes (Henras et al., 

2008). Domains like WD repeats and coiled-coil domains characterize most 

of the proteins of the early 90S particle (Woolford and Baserga, 2013). These 
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domains promote the protein-protein interaction crucial for building up the 

complexes. 

Figure 15. Current scheme of the 35S rRNA processing in S.cerevisiae. This processing 

scheme has been adapted from Venema (1999). 



Introduction 

37 

Figure 16. Current model for the early steps of the assembly of SSU processome. This 

model has been adapted from Henras et al. (2008). 

Apart from various trans-acting factors, the early 90S particle also contains 

some SSU r-proteins (Perez-Fernandez et al., 2007). Surprisingly, early 90S 

particle lacks the LSU-r proteins. Aside from U3 snoRNPs, the 18S 

processing also requires three other snoRNPs; U14, Snr30 and Snr10. Apart 

from Snr10, both U14 and Snr30 are essential for cell viability in yeast.  

Intriguingly, the deletion of Snr10 and many other trans acting factors 

involved in the early processing of 18S rRNA exhibit cold sensitivity 

(Venema, 1999; Bousquet-Antonelli et al., 2000; C and Denmat, 2002; Peifer 

et al., 2013; Woolford and Baserga, 2013). 

The 20S rRNA generated after the initial cleavages at A0, A1 and A2 in the 

nucleus constitutes the 43S particle and is transported to the cytoplasm. 

Among r-proteins, the 43S particle contains seven assembly factors (Dim1, 

Rio2, Tsr1, Enp1, Ltv1, Pno1 and Nob1) and lacks r-proteins S10 and S26 

(Strunk et al. 2011) (Figure 17). Cryo-EM reconstructions and CRAC (cross 

linking analysis of cDNA) analyses have shown that these factors positioned 

in a fashion to prevent pre-40S subunits from associating with 60S and 

getting involved in translation (Granneman et al., 2010; Strunk et al., 2011; 

Lebaron et al., 2012). Tsr1, Rio2, and Dim1 are located on the subunit 

interface of pre-40S particles, thus protecting binding of translation initiation 



Introduction 

38 

factors like eIF1, eIF1A, and eIF2-tRNAi Met, respectively (Strunk et al., 

2011). 

Figure 17. Cytoplasmic maturation of 40S subunit in S.cerevisiae. This model of translation 

like cycle in yeast during the cytoplasmic maturation of 40S has been adapted from Strunk et 

al. (2011). 

Similarly, Enp1 and Ltv1 proteins preclude the entry of mRNA into the mRNA 

channel, whereas Nob1 and Pno1 binding prevent eIF3 binding. Nob1 is the 

endonuclease that cleaves 20S pre-rRNA to from 18S at site D, along with its 

regulator Pno1/Dim2 (Lamanna and Karbstein, 2009; Granneman et al., 

2010). Intriguingly, the D-site cleavage carried out by Nob1 requires the 

joining of pre-40S with mature 60S in a “translation like cycle” mediated by 

Fap7 and GTPase eIF5B (Lebaron et al., 2012; Strunk et al., 2012) (Figure 

17). 

Functional analyses of Fap7 and GTPase eiF5B/Fun12 have revealed this 

“translation-like” cycle (Lebaron et al., 2012; Strunk et al., 2012). During this 

cycle the pre-40S particles are scrutinized for their proper maturation into 

translation competent subunits (Figure 17). These 80S-like particles 

comprise of pre-40S particles and mature 60S subunits, and accumulate in 

the absence of Fap7. Dom34 and Rli1 (ABC-like ATPase) disassemble these 
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“80S-like” complexes after other assembly factors have been removed 

(Strunk et al., 2012) (Figure 17). The formation of these 80S-like complex 

acts as a quality control for optimal assembly of vital functional domains in 

pre-40S subunits. 

3.4.2 Large subunit (60S) biogenesis  

Cleavage at site A2 in the 90S particle releases early 43S (pre-40S) and 66S 

(pre-60S) particles (Figure 15). The processing of pre-60S into mature 60S 

ribosomal subunit comprises of complex sequential endo- and exonucleolytic 

cleavages (Venema, 1999; Woolford and Baserga, 2013). The 27SA2 pre-

rRNA formed after the cleavage at site A2 is processed in two independent 

pathways at site B1(L) or at site A3. The cleavage at site B1(L) by an 

unknown endonuclease results in the formation of the long form of mature 

5.8S rRNA, leading to the production of the 27SB(L) pre-rRNA, whereas the 

cleavage at A3 by endoribonuclease RNase MRP and subsequent 

processing by the Rat1p and Xrn1p (5’ to 3’ exoribonucleases) till the B1(S) 

site results in the formation of the 27SB(S) pre-rRNA (Henras et al., 2008) 

(Figure 15). Both 27SB(L) and 27SB(S) pre-rRNAs are then processed 

identically. Endonucleolytic cleavage at site C2 within ITS2 separates 7SB(L) 

or 7SB(S) (precursor of 5.8S rRNA) and 25.5S rRNA (precursor of 25S 

rRNA). Both 7SB(L) and 7SB(S) are processed at their 3’ ends by 3’ to 5’ 

exoribonucleases (exosome complex) leading to large and small form of 5.8S 

rRNA, respectively (Thomson and Tollervey, 2010). This processing of 7S 

pre-rRNA to 5.8S S  or 5.8S L  rRNAs occurs chronologically in the nucleus 

and then in the cytoplasm (Henry et al.1994; Thomson and Tollervey 2005, 

2010). Rat1 and Xrn1 processes 25.5S pre-rRNA formed after the cleavage 

at C2, generating 5 end of mature 25S rRNA. Anther cleavage at C1 

remained a mystery, as it is not known whether the 5$ end of 25S rRNA at C1 

is generated by an endonucleolytic cleavage or by exoribonuclease cleavage 

(Henras et al., 2008; Woolford and Baserga, 2013) (Figure 15).  
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Studies from Woolford´s and Tollervey´s lab have provided great details of 

the various proteins involved in the processing of pre-66S particle to 

generate mature 25S rRNA (Granneman et al., 2011; Sahasranaman et al., 

2011; Talkish et al., 2012). Formation of 27SB pre-rRNA from 27SA3 pre-

rRNA requires the assistance of 12 proteins named “A3 factors” (Ebp2, 

Nop7, Ytm1, Erb1, Rlp7, Brx1, Pwp1, Nop12, Nop15, Cic1/Nsa3, Drs1, and 

Has1) (Sahasranaman et al., 2011; Jakovljevic et al., 2012). Interestingly, 

loading of these A3 factors into preribosomes is chronological. Ebp2 and L8 

are essential for the association of Nop7, Erb1, Ytm1, Nop15, Rlp7, Cic1, 

and Has1. Many of these A3 factors also play a critical role in the 

incorporation of r-proteins, especially L17, L26, L35, and L37 (Jakovljevic et 

al., 2012). Interestingly, these four r-proteins bind to the helices formed by 

base pairing of 5.8S and 25S rRNA. It is believed that this step of the 

generation of 27SB from 27SA3 is the time point where the base pairing 

between the 5´ end of 25S rRNA and the 5´ and 3´ end of 5.8S rRNA is 

established (Woolford and Baserga, 2013). 

The processing of ITS2 during 60S subunits assembly takes place in multiple 

steps. The cleavage at site C2 needs the participation of 14 assembly 

factors, named as “B factors” (Nip7, Nop2, Spb4, Rpf2, Rrs1, Dbp10  Mak11, 

Tif6, Rlp24, Nog1, Spb1, Nsa2, Nog2, Nug1) (Babiano and La Cruz, 2010; 

Talkish et al., 2012). Nip7, Rpf2, Nsa2, Rlp24, and Tif6 are characterized as 

RNA binding proteins whereas Spb4, Drs1, Has1, and Dbp10 are 

characterized as RNA helicases (Woolford and Baserga, 2013). B factors 

also contain two GTPases, Nog1 and Nog2 and a single RNA 

methyltransferase, Nop2 (Woolford and Baserga, 2013).  

The presence of all B factors is necessary to appoint Nog2, whereas Nop2, 

Nip7, Dbp10, Tif6, Rlp24, and Nog1 are important for Nsa2 recruitment 

(Talkish et al., 2012). Rpf2 and Rrs1 form a sub complex with r-proteins L5 

and L11 along with 5S rRNA, and foster the formation of vital central 

protuberance of the 60S subunit (Woolford and Baserga, 2013). 
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Figure 18. Current model for the cytoplasmic maturation of 60S subunits in S.cerevisiae. 
This model has been adapted from Thomson et al. (2013). 

After the processing of 27SB rRNA and its subsequent maturation in the 

nucleus, the pre-60S particle is exported to the cytoplasm, where the final 

maturation of pre-60S takes place (Henras et al., 2008; Lo et al., 2010) 

(Figure 18). Apart from final processing of 6S to 5.8S, during cytoplasmic 

maturation of pre 60S, several assembly factors (Nog1, Rlp24, Arx1, Alb1, 

Mrt4, Tif6, and Nmd3) are sequentially removed and eight r-proteins of the 

LSU, L10, L24, L29, L40, L42, P0, P1, and P2 are incorporated into the pre-

60S generating translational competent 60S subunit (Bradatsch et al., 2012; 

Woolford and Baserga, 2013). Apart from other proteins, three NTPases, 

Drg1, Efl1 and Lsg1 play a crucial role in this cytoplasmic maturation of 60S 

(Kressler et al., 2010; Lo et al., 2010).  Drg1, an AAA ATPase removes the 

Rlp24 and Nog1, whereas Tif6 and Nmd3 proteins are released by two 

GTPases, Efl1 and Lsg1, respectively (Bradatsch et al., 2012; Matsuo et al., 

2013; Woolford and Baserga, 2013) (Figure 18). 

3.5 Chemical modifications in the rRNA 

During ribosome biogenesis, another remarkable feature that further 

accentuate its already complex nature is the addition of chemical 

modifications to the rRNA. These modifications are added both co- and post- 
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transcriptionally (Kos and Tollervey, 2010). As mentioned earlier, the rRNA 

also contains three main types of modifications: (1) pseudouridylations 

(isomerization of uridine to pseudouridine (") , (2) ribose methylations 

(methylation of 2$ hydroxyls (Nm)); and (3) base modifications (mN). The 

amount and the complexity of these chemical modifications differ among 

three kingdoms; the amount of modifications generally increases along the 

evolutionary tree (Piekna-Przybylska et al., 2008; Machnicka et al., 2012).  

In Saccharomyces cerevisiae, 18S rRNA of the small subunit contains 14 

"s, 17 Nms and 4 mNs, whereas 25S rRNA of the large subunit contains 30 

"s, 37 Nms and 8 base methylations (Piekna-Przybylska et al., 2008). Homo 

sapiens contains ~91 "s, 105 Nms and 10 mNs (Piekna-Przybylska et al., 

2008). Mapping of these modifications has revealed that these modifications 

cluster in the functionally conserved regions of the ribosomes like 

intersubunit and peptidyl transferase center (Decatur and Fournier, 2002). 

In eukaryotes, the " and Nm modifications are added by two small nucleolar 

RNA–protein complexes (snoRNPs): C/D box snoRNPs and H/ACA box 

snoRNPs. During both " and Nm modifications, sites are selected by the 

RNA (snoRNA) component by base pairing, and catalysis is performed by a 

specific protein component. Contrastingly, specific enzymes perform the 

base methylations without any assistance of snoRNAs. 

3.5.1 C/D box snoRNPs 

In yeast and higher eukaryotes, the C/D box snoRNPs consist of a C/D box 

snoRNA, characterized by conserved and distinguishing sequence elements 

called boxes C, D, and guide sequences that base pair to the RNA target 

(Figure 19) (Watkins and Bohnsack, 2011). The methylation guide sequence 

is located upstream of the box D/D´ element and consists of 10–21 

nucleotides. The guide sequences direct ribose methylation to the nucleotide 
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base paired to the 5th nt up-stream of the box D or D´ sequence (box D+5 

rule).  

Figure 19. 2D structure of C/D box snoRNA (adapted from Watkins and Bohnsack (2011)). 

The C/D box snoRNPs comprise of four common core proteins: Fibrillarin/ 

Nop1, Nop58, Nop56, and Snu13. Interestingly, C/D box snoRNPs involved 

in functions apart from catalysis like U3, U14, U8 and U22 snoRNPs also 

contain additional proteins. Nop1 is a S-adenosyl methionine (SAM) 

dependent methyltransferase and catalyzes the 2´-O methylation reaction 

(Singh et al. 2008). Snu13 binds to the kink-turn (loop-stem structure that 

includes the canonical C/D elements in the loop portion) in the C/D box 

snoRNA. Nop56 and Nop58 are characterized by extensive coiled-coil 

domains, likely responsible for hetero-dimerization and providing stability to 

the snoRNA. 

3.5.2 H/ACA box snoRNPs 

H/ACA snoRNAs contain small sequence elements referred to as boxes H 

and ACA. Similar to C/D box snoRNAs, substrate targeting involves base 

pairing through two short guide sequences in a loop portion of the duplex 

structures. The guide sequences are 14 –15 nucleotides from the H or ACA 
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box (Figure 20). The binding of the substrate places the target uridine in a 

pseudouridylation pocket between the flanking paired regions. 

Figure 20. Structure of H/ACA snoRNA (adapted from Watkins and Bohnsack (2011)). 

H/ACA snoRNPs contain four core proteins in yeast: Cbf5p (dyskerin), Gar1, 

Nhp2, and Nop10. Cbf5 is the catalytic 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 

organization of various core proteins. Cb5 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. 

3.5.3  Base methylations and base methyltransferases of the rRNA. 

Apart from pseudouridylations and ribose methylations, rRNAs of both SSU 

and LSU have been also discovered to contain modified bases. Interestingly, 

most of the base modifications discovered so far in both 18S and 25S rRNA 

is methylation. All four nitrogenous bases of RNA have been discovered to 
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undergo methylation either at nitrogen (N) or carbon (C) atoms. As 

mentioned before, the base modifications of RNA are the result of processing 

of corresponding primary transcripts by snoRNA-independent enzymes.  

3.5.3.1 Base modifications of 18S rRNA 

18S rRNA of SSU contains four base methylations: one m1acp3"1191, two 

m6
2A1781, m6

2A1782, and a single m7G1575 (Figure 21)

Figure 21. Base modifications of the 18S rRNA. 

m6
2A1781, m6

2A1782 were the first base methylations analyzed in rRNAs of 

S.cerevisiae (Lafontaine et al., 1994). Both dimethylations of adenine 

residues at carbon atom 6 (C-6) in the 3´of SSU rRNA are highly conserved 

and are catalyzed by a universally conserved group of orthologous 

methyltransferases. In S.cerevisiae, Dim1 catalyzes the methylation of both 

adenine residues (Lafontaine et al., 1994). Dim1 is an essential protein and 

plays a key role in the 40S biogenesis. Interestingly, both these methylations 

of 18S are performed in the cytoplasm and it has been shown that 40S 

subunits lacking dimethylated 18S rRNA are not competent for translation in 

vitro (Lafontaine et al., 1998; Liang et al., 2009). 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 (Lafontaine et al., 1998). 
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Bud23 catalyzes the methylation of nitrogen atom 7 (N-7) in the guanosine 

residue at 1575 (m7G1575) of 18S rRNA (White et al., 2008b). The residue 

G1575 is highly conserved and likely interacts with the anticodon loop of the 

P-site tRNA. Surprisingly, Bud23 is only conserved in eukaryotes; orthologs 

have not been detected in prokaryotes. Bud23 is a nucleolar protein and has 

been shown to be critical for the efficient export of the small subunit and its 

cytoplasmic maturation (White et al., 2008b; Sardana et al., 2013). 

Intriguingly, as observed for Dim1, the m7G1575 methylation also turned out 

to be not the essential function of Bud23, as the loss of methylation does not 

exhibit any 40S processing and export defects, normally observed upon the 

loss of Bud23, highlighting again a dual functionality for Bud23. Recently, 

Figaro et al  showed that Bud23 needs the assistance of methyltransferase 

adaptor protein, Trm112 for the methylation of G1575 (Figaro et al., 2012). 

1-methyl-3-(3-amino-3-carboxypropyl)-pseudouridine (m1acp3") is one of the 

most interesting modifications in the rRNA. 18S rRNA of S.cerevisiae contains 

a single m1acp3" hyper modification at 1191 residue, located in the 

decoding center of the 40S subunit and contacts the P site-tRNA. m1

acp3"1191 comprises of three modification, a pseudouridylation, methylation 

and addition of 3-amino-3-carboxypropyl. During maturation of 18S rRNA, 

these modifications are introduced sequentially. First snR35 snoRNP 

catalyzes the pseudouridylation of U1191, thus unlinking the N1 of the U1191 

from the glycosidic bond with ribose sugar. Next, Nep1 or Emg1 methylates 

this N1 of "1191 (Meyer et al., 2011). Nep1 is a highly conserved and an 

essential methyltransferase (Eschrich et al., 2002; Meyer et al., 2011). 

Mutation in Nep1 proteins has been shown to be responsible for Bowen-

Conradi syndrome in humans. As observed in case of Bud23 and Dim1, the 

methylation appeared not to be the essential function of the Nep1. 

Nevertheless loss of methylation leads to defects in 40S subunits and affects 

antibiotic sensitivity. Genetic analysis of Nep1 has provided understanding of 

its possible essential function (Buchhaupt et al., 2006; 2007). Over 

expression of Rps19 protein has been demonstrated to suppress the deletion 
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of otherwise essential Nep1 (Buchhaupt et al., 2006). This has led to the 

hypothesis that perhaps the essential function of Nep1 is to assist the 

incorporation of Rps19 protein during 40S biogenesis (Strunk and Karbstein, 

2009). Nevertheless this model awaits the biochemical experiments in its 

support. 

Whereas " (snR35) and N1-CH3 (Nep1) are introduced in the cytoplasm, 

Fournier´s lab have demonstrated that the addition of 3-amino-3-

carboxypropyl to the "1191 take place in the cytoplasm (Liang et al., 2009). 

Surprisingly, the enzyme responsible for the transfer of 3-amino-3-

carboxypropyl (acp) to the N3 atom of "1191 remained to be identified. 

3.5.3.2 Base modifications of 25S rRNA 

In contrast to base modifications of 18S rRNA, the precise location and the 

corresponding enzymes responsible for the base modifications of 25S rRNA 

remained elusive. Nevertheless, analysis of the chemical composition and 

their preliminary mapping revealed that 25S rRNA of yeast contains 7 base 

methylations: two m1A at A645 and A2142, a single m5C at C2278, two m3U 

at U2634 and U2843, and two m5U at U956 and U2924 (Klootwijk and 

Planta, 1973; Piekna-Przybylska et al., 2008).  

3.6 Methyltransferases 

Methyltransferases are the enzymes (transferase) that catalyze specific 

transfer of methyl group form a methyl donor to various substrates. S-

adenosyl-methionine (SAM or AdoMet) is the most common methyl donor by 

virtue of the presence of a charged methylsulfonium center (Figure 22) 

(Kozbial and Mushegian, 2005). Methyltransferases that utilize methyl group 

of SAM for the methylation reaction are called SAM dependent 

methyltransferases. Based on their structural analysis, all currently known 
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SAM dependent MTases have been divided into five distinct classes (Class I 

to Class V) (Schubert et al., 2003). 

Figure 22. Chemical structure of S-adenosyl methionine (SAM/Ado-Met). The active methyl 

group of SAM is highlighted with red box. 

Class I SAM dependent MTases are characterized by a Rossmann-fold like 

domain and methylate wide variety of substrates (DNA, RNA and proteins 

along with other small molecules).!Rossmann folds are nucleotide (especially 

NAD(P)) binding domains that also contains alternating %! strands topology 

in which two Rossmann fold domains are linked into 6 parallel ! stands 

sandwiched by pair of %-helices. The Rossmann-like fold comprises of 

alternating !-stranded and %-helical regions, with all strands forming a central 

relatively planar !-sheet, and helices stuffing two layers, one on each side of 

the plane (Kozbial and Mushegian, 2005) (Figure 23A). Similar to all 

Rossmann-like folds, the N-terminal !-strand of methyltransferases is 

positioned in the center of the sheet, and the strand topology is 

3!2!1!4!5!7"6!, with the 7th strand antiparallel to all other strands 

(Martin and McMillan, 2002; Schubert et al., 2003; Kozbial and Mushegian, 

2005). The first ! strand characteristically ends with a GxGxG or GxG motif 

(typical for nucleotide binding) (Kozbial and Mushegian, 2005).!Comparative 

sequence analysis of the Rossmann-fold methyltransferases have led to the 

identification of six highly conserved regions of the SAM-binding region 

(Kozbial and Mushegian, 2005).  
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Motif I contains the consensus GxGxG, SAM-binding site of the Rossmann-

fold SAM-dependent methyltransferases in its C-terminal part. Surprisingly, 

none of three glycine residues is always conserved and often substituted by 

residues with small side chains (Kozbial and Mushegian, 2005). Motif II 

includes !-strand 2 and an attached turn. An acidic residue is partially 

conserved at the C terminus of this strand. Motif III contains !-strand 3 and 

also contains a partially conserved acidic residue in its C-terminus. 

Interestingly, in the crystal structures of MTases with SAM or its analogs, 

SAM or its analogs are always found close to these conserved residues in 

Motifs I-III (Kozbial and Mushegian, 2005). !-strand 4 makes the major 

segment of Motif IV and contains flanking loops. Motif IV also contains a 

highly conserved D/E/N residue in the N-terminus of the stand. Helices 

following Motif IV constitute Motif V and contain hydrophobic/aromatic 

residues that are believed to stabilize the adenine moiety of SAM (Kozbial 

and Mushegian, 2005). Finally, Motif VI corresponds to strand 5 of the !-

sheet, and the anterior tight turn with a conserved glycine residue. 

Structural analysis of the methyltransferases with SAM has provided great 

insight into its interaction network inside the MTases. The conserved acidic 

residue in Motif II makes hydrogen bonds with the ribose hydroxyls, whereas 

partially conserved acidic residues in C-terminus of Motif II and conserved 

acidic residue in Motif III interact with the nitrogenous base. Similarly the 

residues in the C-terminal to Motif IV appear to contact the amino and 

sulfonium groups of the methionine moiety of SAM. Other residues in motif V 

and VI are believed to be crucial for the structural stability of the 

methyltransferases (Martin and McMillan, 2002; Foster et al., 2003).  

Class II is characterized by methionine synthase activation domain. The Met 

synthase activation contains an unusual fold with long, central, antiparallel !-

sheet flanked by groups of helices at either end, which makes it structurally 

distinct from Class I MTases (Figure 23B). Interestingly, this domain binds 
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SAM in a shallow groove along the edges of the !-strands and interacts with 

a RxxxGY motif (Schubert et al., 2003). 

Class III includes the MTases that act on ring carbons of the large, planar 

precorrin substrates during cobalamin biosynthesis (e.g CbiF). The SAM 

binding site in Class III MTases is placed into a gap between two %!% 

domains, each containing five strands and four helices (Schubert et al., 2003; 

Kozbial and Mushegian, 2005) (Figure 23C). Surprisingly, even though Class 

III SAM binding MTases contain a GxGxG motif similar to the Class I 

enzymes, SAM does not interact with this motif (Kozbial and Mushegian, 

2005). 

Figure 23. 3D structure and topology diagram of the five classes of S-adenosyl-L-

methionine (SAM / Ado-Met)-dependent methyltransferases (MTases). This figure has been 

reproduced and adapted from Schubert et al. (2003)

Class IV contains SPOUT family of RNA and protein MTases. These 

enzymes contain a six-stranded parallel ! sheet flanked by seven %-helices. 
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Interestingly the first three strands of these MTases form half of a Rossmann 

fold (Anantharaman et al., 2002; Kozbial and Mushegian, 2005) (Figure 23 

D). The active site of SPOUT MTases is located near the subunit interface of 

a homodimer. 

The topology of the structure is such that a significant portion of the C-

terminus is pushed back into the structure in a knot . This rare substructure 

is formed by the last, 30 residues, including the last % helix, and contains 

several catalytic residues that confirm its structural importance (Schubert et 

al., 2003). 

 Class V contains typical SET domains, discovered originally as conserved 

domain shared by chromatin remodeling proteins Su (var) 3–9, E (Z) (short 

for Enhancer of Zeste) and Trithorax. Most of the currently known SET 

methyltransferases methylate lysine residues of various nuclear proteins 

involved in chromatin remodeling and transcriptional regulation (Schubert et 

al., 2003; Kozbial and Mushegian, 2005). The SAM binding site and the 

catalytic center of SET domains contains, all-! (eight curved ! strands 

forming three small sheets), knot-like structures like Class IV MTases but 

based on different topology (Figure 23E). SAM binds on a concave surface of 

the enzyme close to the conserved tyrosine residue. The adenosyl of SAM 

interacts directly and indirectly, through water, with a conserved histidine 

residue. The conserved tyrosine closer to the SAM is presumably involved in 

the catalytic reaction, as it lays 4A° from the Lys residue of the substrate 

proteins and is possibly involved in Lys side chain deprotonation (Schubert et 

al., 2003; Kozbial and Mushegian, 2005). A deprotonated Lys is supposed to 

make a nucleophillic attack on the SAM methyl group.  
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4 Aim of the work 

Rudi Planta´s lab demonstrated in early 1970s that the 25S rRNA of yeast 

S.carlsbergensis (closely related yeast to S.cerevisiae) contains several base 

methylations (Klootwijk and Planta, 1973). Furthermore they provided 

tentative locations of these base methylations in the 25S rRNA. Surprisingly, 

the precise location, physiological significance and the enzymes responsible 

for these base methylations remained unknown. Interestingly, similar base 

methylations at identical locations have also been identified in higher 

eukaryotes including humans, enzymes for which also remained elusive.  

The aim of the present study was to address two fundamental questions: (1) 

which enzymes catalyze these base methylations of the 25S rRNA and (2) 

what are the significances of these base methylations in ribosomes and in 

cellular physiology?  

The chemical modifications provides RNA higher complexity and expands its 

topological potential, which otherwise is limited by four bases. These four 

bases are sufficient to carry the genetic information. However, when it comes 

to the extra-hereditary functions like catalysis and gene regulation, the 

nucleic acids pool is insufficient compared with amino acids pool.  

To identify and characterize these enzymes, deletion mutants of all putative 

(characterized as well as uncharacterized) RNA methyltransferases from the 

EUROSCARF strain collection were analyzed and the composition of their 

25S rRNA was followed by RP-HPLC (Reversed Phase High Performance 

Liquid Chromatography), mass spectrometry and primer extension. Using 

RP-HPLC not only canonical nucleosides were resolved, but also the 

modified nucleosides like m1A, m5C, m3U and m5U could also be identified 

and quantified. 
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6 Discussion 

6.1 Analysis of the m1A modifications of 25S rRNA 

The first two articles describe the identification of the base 

methyltransferases responsible for the m1A modifications of the 25S rRNA in 

S.cerevisiae (Peifer et al., 2013; Sharma et al., 2013a). As mentioned 

previously 25S rRNA of yeast contains two m1A residues, which were 

predicted to be present at position 645 and 2142 of the 25S rRNA (Figure 

24). 

Figure 24. Location of m1A645 and m1A2142 on the mature 80S ribosome. Only the rRNA 

core of 80S is displayed. 25S rRNA is colored light-blue and 18S rRNA is colored light-

green. m1A645 and m1A2142 residues are highlighted with red and brown spheres. 3D 

structure of the rRNA core was made by PyMol software (PyMOL Molecular Graphics 

System, Version 1.2r3pre, Schrödinger, LLC) using pdb files 3U5B and 3U5D  

6.1.1 Rrp8 catalyzes the methylation of m1A645 in the 25S rRNA 

In the first article together with Christian Peifer, the methyltransferase 

responsible for m1A645 was identified. Rrp8, a putative methyltransferase, 

previously shown to be involved in the processing of 35S rRNA at site A2 
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turned out to be the methyltransferase responsible for m1A645 base 

methylation of the 25S rRNA (Peifer et al., 2013). Furthermore, we 

demonstrated that Rrp8 binds SAM in vitro and the highly conserved glycine 

residue in the SAM binding pocket is essential for the SAM binding and 

optimal methylation reaction. The mapping of m1A 645 on the ribosomal RNA 

revealed that this residue is present in the helix 25.1 of domain II of the 25S 

rRNA (Figure 24). Helix 25.1 is highly conserved in eukaryotes including 

humans and a single m1A methylation has also been identified to be present 

in the 28S rRNA of humans (Piekna-Przybylska et al., 2008). Parallel to this, 

humans also carry an ortholog for the yeast Rrp8, Nucleomethylin (NML) 

(Murayama et al., 2008; Yang et al., 2013). Therefore it is tempting to 

speculate that NML is likely catalyzing the methylation of adenine residue in 

the 28S rRNA of humans. Nevertheless, this conjecturing awaits biochemical 

validation. 

6.1.2 Loss of m1A645 affects 60S maturation and antibiotic sensitivity 

Biochemical analysis with the deletion mutant of Rrp8 has previously 

exhibited that loss of Rrp8 causes defects in the 40S biogenesis (Bousquet-

Antonelli et al., 2000). Contrastingly, our analysis with the methyltransferase-

dead mutant of Rrp8, rrp8-G209R and rDNA point mutant, A645T revealed 

that in contrast to 40S biogenesis defects of !rrp8, the loss of methylation at 

position 645 mutant, display a specific defect in 60S subunits, highlighting a 

dual functionality of Rrp8 in 40S and 60S biogenesis. As Rrp8 is a 

methyltransferase and the point mutation alters the SAM-binding, the 

decrease in mature 60S subunits could be explained with the two 

assumptions: 1) The decreased m1A modification in Rrp8 point mutants 

affect the processing or assembly of 60S subunits that leads to lesser mature 

60S subunits or 2) The point mutations in this region of Rrp8 alters the native 

conformation of the protein, which then impairs its yet known function in 60S 

biogenesis. Interestingly, the first hypothesis appeared more preferable as 

the rDNA point mutant where the A645 was exchanged with T (A645T) 
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displayed a similar decrease in the mature 60S subunits, but no defects in 

the processing of the 25S were observed in Northern blotting analysis. From 

these observations we conclude that the loss of m1A645 is crucial for 60S 

assembly rather than processing of 60S. Base methylation promotes base 

stacking by increasing the hydrophobicity and expanding the polarizability. 

Methylation also effects the structure by increasing steric hindrance, blocking 

hydrogen bonds e.g. at Watson–Crick positions) and providing a positive 

charge to the nucleosides which in turn effect the hydrogen bonding. 

Therefore decrease in mature 60S subunits would suggest that the 

conformation of the 25S rRNA alters dues to loss of m1A645 methylations. 

Antibiotic analysis, especially the one targeting the rRNA is crucial to 

examine the change in the rRNA conformations, as previous studies have 

exhibited that the antibiotic hypersensitivity correlated with change in 

conformation of rRNA. Interestingly, both methyltransferase dead mutant of 

Rrrp8 and rDNA point mutant (A645T) display paromomycin hypersensitivity. 

Paromomycin hypersensitivity further supported the notion that 25 rRNA 

undergoes a change in conformation due to the loss of the methylation at 

A645, which seemingly is also the cause for 60S assembly defects. 

6.1.3 Bmt2 catalyses the methylation of m1A2142 in the 25S rRNA 

The second article describes the identification of Bmt2 (Ybr141c), a 

previously uncharacterized protein to be responsible for the m1A2142 

methylation located in helix 65 of the 25S rRNA (Sharma et al., 2013a). The 

protein was identified by RP-HPLC screening of all deletion mutants of 

putative RNA methyltransferases and was confirmed by gene 

complementation and biochemical characterization. H65 belongs to domain 

IV, which makes most of the intersubunit surface of the large subunit (Figure 

24). Interestingly, L2, a highly conserved protein makes physical contact with 

helix 65, especially with its SH3-! barrel globular domain (Ben-Shem et al., 

2011). The domain IV of 25S rRNA also plays a significant role in the 

translation. Different studies performed elsewhere have highlighted the 
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importance of this region and the modifications they harbor for the optimal 

function of the ribosomes. 

The amino acid sequence along with in silico 3D structure modeling 

predicted Bmt2 to be a Rossmann-like fold methyltransferases. All currently 

known Rossmann-like fold methyltransferases utilize the highly reactive 

methyl group of SAM for the methylation reaction. As mentioned previously 

structure analyses of various Rossmann-like fold methyltransferases co-

crystallized with SAM or its analog, together with biochemical analysis have 

led to the identification of SAM binding motif. These analyses have revealed 

that glycine in motif I is indispensible for SAM binding and hence for the 

methylation reaction. Bmt2 also contains this highly conserved at amino acid 

position 180 and the exchange of this glycine 180 with arginine; G180R 

abolished the methylation capacity of Bmt2 and resulted in a 

methyltransferase dead mutant of Bmt2 without altering its expression. 

Consequently, this methyltransferase dead mutant of Bmt2, bmt2-G180R 

along with rDNA point mutants (A2142T, A2142G and A2142C) provided an 

ideal platform for analyzing the significance of m1A2142 methylation.  

Unlike Rrp8, Bmt2 is conserved in lower eukaryotes only, which goes hand in 

hand with the presence of only one m1A residue in the higher organisms. It is 

likely that Bmt2 homologs of lower eukaryotes also catalyze the methylation 

of corresponding adenine residues.  

6.1.4 Loss of m1A2142 makes cells susceptible to oxidative stress 

A deletion mutant of BMT2 was previously identified to extend hibernating life 

span and to exhibit peroxide sensitivity (Postma et al., 2009). Our analysis 

with !bmt2 mutant further verified that indeed the loss of Bmt2 makes cell 

more sensitive to the hydrogen peroxide. Furthermore, using a 

methyltransferase dead mutant (bmt2-G180R) and rDNA point mutants 

(A2142G, A2142C and A2142T), we exhibited that it is the loss of m1A2142 
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modification at helix 65 that accounts for hydrogen peroxide sensitivity. As 

analysis dealing with hibernating life span is very time consuming requiring 

24 months to 58 months, we could not perform the analysis with the 

methyltransferase dead mutant and rDNA point mutants.  

Intriguingly, loss of other base modifications like 2´-O-methyl cytidine, 5-

methyl cytidine (m5C), and N2, 2-dimethyl guanosine (m2
2G) of tRNAs and 

their corresponding enzymes has also been described to effect the hydrogen 

peroxide sensitivity of the cells (Yi and Pan, 2011; Chan et al., 2012). Taken 

together this indicates that the biosynthetic pathways of these modifications 

interact with the cellular response toward oxidative stress stimulated by 

hydrogen peroxide. Nonetheless, future studies are required to elaborate any 

specific role of these modifications in oxidative stress. Remarkably, recent 

studies have highlighted yet unknown role of ribosomes and its associated 

factors in oxidative stress. Fap7, a protein identified as a protein involved in 

oxidative stress have been recently shown to be involved in 40S biogenesis 

(Juhnke et al., 2000; Strunk et al., 2012). Additionally, the antisense strand of 

25S rRNA codes for a mitochondrial protein Tar1, essential for the 

mitochondrial function (Poole et al., 2012). However, future studies are 

required to elucidate this relationship of ribosome function and oxidative 

stress. 

6.1.5 Absence of m1A2142 affects antibiotic sensitivity and subunit 

joining 

Unlike m1A645, loss of m1A2142 does not disturb the 60S stoichiometry. 

Nevertheless, in the rDNA point mutants (A2142G, A2142C and A2142T) 

half-mers formation resulting from the defects in subunit joining was 

observed. Halfmer peak is most easily detected as shoulders on the 80S and 

disome peaks in polysome profiles and are assumed to contain a translating 

80S and a second 40S subunit stalled at the AUG codon awaiting 60S 

subunit joining. It is important to mention that the helix 65 constitutes the 
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intersubunit region of 60S subunit. Therefore the formation of half-mers 

would suggest that the exchange of adenine 2142 (A2142) to other bases 

and consequently the loss of m1A2142 change the conformation of the rRNA 

that consequently disturbs the subunit joining. Supportingly, the rDNA point 

mutants exhibit anisomycin hypersensitivity. Surprisingly, no such half-mers 

formation was observed in !bmt2 mutant. Interestingly, with m1A645 and 

m1A2142, we observed that phenotypes attributed to the loss of base 

methylations are more strongly exhibited by the rDNA point mutants. This 

might be either due to the slower growth rate of rDNA mutants or the lack of 

different multiple copies of rDNA in the plasmid borne expression system. It 

is important to mention that in the rDNA point mutants, the complete 150 

copies of the genomic rDNA are deleted and the rRNA is synthesized from a 

mutated plasmid (sole source of rRNA). Additionally, we cannot deny the fact 

that in rDNA point mutants, the conformational changes can appear not only 

due to missing methylations but can also emerge due to exchange of 

complete base. Nevertheless rDNA point mutants provide a powerful tool to 

not only address the precise location of modification but also to emphasize 

their role. 

6.2 Analysis of the m5C modifications of 25S rRNA 

The third article describes comprehensive m5C analysis of the 25S rRNA, 

using RP-HPLC combined with mung bean nuclease protection assay 

(Sharma et al., 2013c). Apart from tRNAs, in S.cerevisiae only rRNA has 

been discovered to contain cytosine methylation (m5C) (Motorin et al., 2010). 

25S rRNA of yeast was shown to contain a single m5C residue at position 

2278 (Klootwijk and Planta, 1973). We revealed for the first time that instead 

of one, 25S rRNA of S. cerevisiae contains two m5C modifications at position 

2278 and 2870 (Figure 25).  



Discussion 

63 

Figure 25. Location of m5C2278 and m5C2870 on the mature 80S ribosome. m5C2278 and 

m5C2870 residues are highlighted in magenta and green spheres. 3D structure of the rRNA 

core was made by PyMol software (PyMOL Molecular Graphics System, Version 1.2r3pre, 

Schrödinger, LLC) using pdb files 3U5B and 3U5D. 

The m5C2278 is localized in helix 70, adjacent to helix 69 of 25S rRNA, 

whereas m5C2870 is localized in helix 89. Both H70 and H89 are highly 

conserved and belong to domain IV and domain V, respectively. As 

mentioned previously, helix IV makes intersubunit surface of the large 

subunit of 25S RNA, crucial for subunit joining. On the other hand, domain V 

constitutes the peptidyl transferase center (PTC). Together with helix 90 and 

92, helix 89 make the A loop of the PTC, which is responsible for 

accommodating the incoming peptidyl-tRNAs (Ben-Shem et al., 2011).  

6.2.1 Rcm1 and Nop2 catalyse m5C2278 and m5C2870 methylation, 

respectively 

In the third article, we showed that as predicted by bioinformatic analyses, 

both Rcm1 and Nop2 are indeed RNA m5C methyltransferases, and catalyze 

m5C methylations of 25S rRNA at position C2278 and C2870, respectively. 

Both Rcm1 and Nop2 belong to Class I methyltransferases characterized by 

Rossmann-like fold. Interestingly, biochemical and structural analyses of 



Discussion 

64 

other RNA cytosine methyltransferases have provided an important insight 

into their catalytic mechanism (Motorin et al., 2010) (Figure 26). All known 

RNA cytosine methyltransferases utilize two highly conserved cysteine 

residues in the motif IV and motif VI for the addition of methyl group at C5 of 

cytosine (Figure 26). The cysteine in motif VI makes a nucleophillic 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 (Figure 26). 

For both Rcm1 and Nop2 exchange of cysteine in motif VI with the alanine 

led to methyltransferase-dead mutants. Intriguingly, for both Rcm1 and Nop2, 

the replacement of cysteine in motif IV with alanine turned out to be lethal.  

Figure 26. Catalytic mechanism of RNA cytosine methyltransferases. 

The lethality both rcm1 and nop2 motif IV cysteine mutant proteins suggest 

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 processing and eventually results in cell death. This model was further 

supported by suppression of this lethality upon exchange of both motif IV and 
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motif VI cysteine together in case of Rcm1 and Nop2, as this precluded the 

formation of any covalent complex. 

6.2.2 Loss of m5C2870 impairs rRNA processing and 60S biogenesis 

Nop2 is an essential protein in S.cerevisiae. Previous biochemical analyses 

using the hypomorphic expression system have shown that Nop2 depletion 

causes severe defects in the rRNA processing and 60S biogenesis (Hong et 

al., 1997). The viability of methyltransferase-dead mutant of Nop2 

demonstrated, nop2-C478A that methylation at C2870 is not the essential 

function of Nop2 or 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. Therefore this 

would suggest that the Nop2 depletion phenotypes observed previously are 

apparently the result of reduced m5C modification. Furthermore, change in 

steady state levels of precursors would also indicate that the m5C2870 is 

performed early during rRNA synthesis and is important for early rRNA 

processing. Nevertheless, two questions remained unanswered: (1) what is 

the essential function of Nop2, and (2) how does loss of m5C2870 influences 

the rRNA processing and 60S biogenesis? Recent studies with m5C residues 

in tRNA have revealed that m5C methylation plays an important role in 

providing structural stability. Considering these studies it is valid to speculate 

that loss of m5C2870 ultimately causes structural instability that influences 

the rRNA processing and 60S biogenesis. Nevertheless future experiments 

employing various structural probing methods combined with NMR are 

required to validate any structural rearrangement and consequent instability 

due to loss of m5C2870 methylation in helix 89 of the 25S rRNA. 



Discussion 

66 

6.2.3 Absence of m5C2278 causes anisomycin hypersensitivity 

In contrast to m5C2870, loss of m5C 2278 does not exhibit any defects in 60S 

biogenesis and 35S rRNA processing. As far as the biological role of 

m5C2278 is concerned, loss of m5C2278 in Helix 70 causes anisomycin 

hypersensitivity. Considering antibiotic sensitivity analyses as important tools 

to explore the structural alteration, the anisomycin hypersensitivity upon loss 

of the m5C2287 would indicate that the loss of this methylation disrupts the 

optimal conformation of helix 70. Interestingly, together with our analysis of 

the m1A2142 base modification in helix 65, the anisomycin hypersensitivity 

due to the loss of m5C 2278 would also implicate that the topology of domain 

IV of 25S rRNA is crucial for anisomycin sensitivity. Both m1A2142 and m5C 

2278 constitute the domain IV of the 25S rRNA. 

6.2.4 Nop2 and Rcm1 homologs in humans and their putative 

substrates 

Both Nop2 and Rcm1 are highly conserved proteins among eukaryotes 

including humans. The human homolog of yeast Nop2, NSUN1 or p120 is up 

regulated in various cancer tissues and used as tumor marker, whereas 

NSUN5A (Rcm1 homolog) is completely deleted in Williams–Beuren 

syndrome, which is a complex developmental disorder with a significant 

penetration in human population (Trere et al., 2000; Doll and Grzeschik, 

2001). Like in yeast, the substrate and function of both human homologs 

remained to be identified. With the identification of the substrates for these 

methyltransferases in yeast, the substrates of their homologs in higher 

organisms can now be easily predicted. Nevertheless, in vitro and in vivo 

analyses are required to validate these predictions. Human 28S rRNA of also 

contains two identical m5C methylations in their corresponding helices. 

Amino acid sequence comparisons of human homolog of yeast Nop2, p120 

(NSUN1), would suggest that NSUN1 is the most suitable candidate for 

catalyzing m5C4447 residue in the H89 of human 28S rRNA. Similarly 
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NSUN5a is likely responsible for catalyzing the m5C3782 modification of 28S 

rRNA in human. Both NSUN1 and NSUN5A belong to NSUN related proteins 

in human (Motorin et al., 2010). NSUN family comprises of nine different 

members (NSUN1 to NSUN7, genes NSUN5A, B and C) carrying a putative 

5-cytosine methyltransferase domain (Motorin et al., 2010). Surprisingly, 

apart from NSUN2, the human homolog of yeast Trm4, substrates and 

enzymatic activity of other NSUN members remained unknown.  

6.3 Analysis of uridine methylation of the 25S rRNA 

The fourth and final article explains the analysis of m3U methylations and 

identification of corresponding m3U methyltransferases of the 25S rRNA 

(Sharma et al., 2013b). Additionally in the same article we demonstrated that 

25S rRNA of yeast does not contain any m5U residues, as previously 

predicted. 25S rRNA of yeast was documented to contain two m3U 

methylations at position 2634 and 2843, along with two m5U methylations at 

position 956 and 2924, the enzymes for which remained unknown. The 

m3U2634 is located in helix 81 and the m3U2843 is located in helix 89 (Figure 

27). 

Both helix 81 and 89 constitutes the domain V of the 25S rRNA, responsible 

for the catalytic function of ribosome. Where all other base methylations 

described above are also present in other ncRNAs, m3U methylations have 

only been discovered in the rRNA. rRNAs from all three kingdoms of life have 

been shown to contain m3U residues. The human 28S rRNA has also been 

reported to contain a single m3U residue at position 4513. Likewise, a single 

m3U residue in the 23S rRNA of an archaea Sulfolobus solfataricus and a 

single m3U in the 16S rRNA of E.coli have also been identified
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Figure 27. Location of m3U2634 and m3U2843 on the mature 80S ribosome. m3U2634 and 

m5C2843 residues are highlighted in black and blue spheres. 3D structure of the rRNA core 

was made by PyMol software (PyMOL Molecular Graphics System, Version 1.2r3pre, 

Schrödinger, LLC) using pdb files 3U5B and 3U5D. 

6.3.1 Bmt5 ad Bmt6 methylate N3 of uridine residue (m3U) at position 

2634 and 2843 of the 25S rRNA, respectively 

Bmt5, a previously uncharacterized protein, Yil096 catalyzes the m3U 

methylation at residue 2634 of the 25S rRNA. Similarly, Bmt6, also an 

uncharacterized protein catalyzes the m3U methylation at position 2843 of 

the 25S rRNA. Both Bmt5 and Bmt6 belong to Rossmann-like fold protein 

family characterized by central seven-stranded !-sheets, flanked by three 

helices on each side. Supportingly we also showed that the substitution of 

highly conserved glycine residues in the SAM binding motif of both Bmt5 and 

Bmt6 with arginine abolish the catalytic function of these proteins. 

Surprisingly, m3U methylation at position 1498 in the 16S rRNA of E.coli was 

exhibited to be performed by SPOUT family methyltransferases (Basturea, 

2006). This had led to the notion that m3U methylations are only performed 

by SPOUT methyltransferases. With the identification of Bmt5 and Bmt6 this 

convention is no more valid. As illustrated here, Rossmann-like fold proteins 
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are also capable of performing m3U methylations. Interestingly as far as 

substrate specificity and the kind of methylation are concerned, for 

methyltransferases making any generalization is becoming a challenging 

task. SPOUT methyltransferases, which were believed to only methylate 

RNA has been recently shown to even methylate proteins. 

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. 

6.3.2 Loss of both m3U2634 and 2843 does not exhibit 60S biogenesis 

and processing defects 

In our previous studies with the adenine and cytosine methylations, we 

discovered that the loss of methylation influences growth, antibiotic sensitivity 

and ribosome biogenesis (Sharma et al., 2013a; 2013c). To investigate any 

such influence of the m3U modifications on cellular physiology, we initially 

analyzed the growth of single deletion mutants at different temperatures. 

Surprisingly, as shown in figure 8A, loss of both bmt5 and bmt6 did not 

impair the growth of the cells at 30°, 37° and 19°C on YPD media. We next 

analyzed the antibiotic sensitivity for both !bmt5 and !bmt6. The loss of 

bmt5 and bmt6 did not exhibit any hypersensitivity to paromomycin and 

anisomycin. We also performed the same analyses with !bmt5 !bmt6 

double mutant and did not observe any growth defects and antibiotic 

hypersensitivity. 

To analyze the effect of loss of these modifications on ribosome synthesis 

and translation, we examined the polysome profiles of both deletion mutants. 

Absence of these modifications did not disturb ribosomal stoichiometry and 

affect translation. We also analyzed rRNA processing in both !bmt5 and 
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!bmt6 by Northern blotting. Parallel to polysome profiles, we did not observe 

any change in the pattern of rRNA processing in !bmt5 and !bmt6. 

6.3.3 25S rRNA of yeast does not contain any m5U residues 

Finally, we resolved the discrepancy in terms of m5U base modifications of 

25S rRNA. Yeast 25S rRNA was predicted to contain two m5U residues at 

position 956 and 2924 (Bakin et al., 1994; Lapeyre and Purushothaman, 

2004). To our surprise we discovered that the 25S rRNA of yeast does not 

contain any m5U methylation. The existence of m5U was uncertain right from 

the beginning, where only speculation were made for the presence of a 

possible m5U modification at position 956 and 2924 of the 25S rRNA without 

any characterization by RP-HPLC or mass spectrometry. Nevertheless, using 

both RP-HPLC and mass spectrometry we showed very explicitly that yeast 

25S rRNA does not contain any m5U residues. Similarly, we also analyzed 

the 25S rRNA of C.albicans and S.pombe and like S.cerevisiae we could not 

detect any m5U residues (data not shown). rRNA modification analysis of 

higher eukaryotes performed elsewhere also did not identify any m5U 

residues in the large or small rRNA. As far as eukaryotes are concerned 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 modification of tRNAs at position 54 

(Nordlund et al., 2000). Up till now, Trm2 has not been observed to display 

any interaction with the rRNA in yeast. (Maden, 1988). Taken together, this 

would apparently suggest that during the course of evolution m5U 

methylations have disappeared in rRNA of eukaryotes. 
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for m1A 645 base modification of 25S rRNA
Christian Peifer1,2, Sunny Sharma1,2, Peter Watzinger1,2, Stefanie Lamberth1,2,
Peter Kötter1,2 and Karl-Dieter Entian1,2,*

1Institute of Molecular Biosciences, Goethe University Frankfurt, 60438 Frankfurt/M and 2Excellence Cluster:
Macromolecular Complexes, 60438 Frankfurt/M, Germany

Received August 2, 2012; Revised October 16, 2012; Accepted October 20, 2012

ABSTRACT

Ribosomal RNA undergoes various modifications to
optimize ribosomal structure and expand the topo-
logical potential of RNA. The most common nucleo-
tide modifications in ribosomal RNA (rRNA) are
pseudouridylations and 20-O methylations (Nm),
performed by H/ACA box snoRNAs and C/D box
snoRNAs, respectively. Furthermore, rRNAs of
both ribosomal subunits also contain various base
modifications, which are catalysed by specific
enzymes. These modifications cluster in highly
conserved areas of the ribosome. Although most
enzymes catalysing 18S rRNA base modifications
have been identified, little is known about the
25S rRNA base modifications. The m1A modification
at position 645 in Helix 25.1 is highly conserved in eu-
karyotes. Helix formation in this region of the 25S
rRNA might be a prerequisite for a correct topo-
logical framework for 5.8S rRNA to interact
with 25S rRNA. Surprisingly, we have identified
ribosomal RNA processing protein 8 (Rrp8), a nucle-
olar Rossman-fold like methyltransferase, to carry
out the m1A base modification at position 645,
although Rrp8 was previously shown to be
involved in A2 cleavage and 40S biogenesis. In
addition, we were able to identify specific point
mutations in Rrp8, which show that a reduced
S-adenosyl-methionine binding influences the
quality of the 60S subunit. This highlights the dual
functionality of Rrp8 in the biogenesis of both
subunits.

INTRODUCTION

Eukaryotic ribosomes are large ribonucleoprotein
complexes consisting of two unequal subunits, the 40S

and 60S. The synthesis of these ribosomes is a complex
multi-step process where 79 ribosomal proteins and 4 ribo-
somal RNAs (rRNAs) are assembled into mature riboso-
mal particles. In Saccharomyces cerevisiae, >200
non-ribosomal proteins and 75 snoRNAs are required to
complete this sophisticated task (1,2). The four mature
rRNAs that form the ribosome are transcribed from a
single rDNA unit, which is organized in tandem repeats
on chromosome XII in S. cerevisiae. The 18S, 25S and
5.8S are transcribed as a single pre-35S transcript by
RNA pol I, whereas the 5S rRNA is transcribed by
RNA pol III. Early cleavage events at sites A0–A2
within the primary 35S transcript separate the biogenesis
pathways of the two ribosomal subunits (1,3,4). Although
the pre-rRNA intermediates of the pre-60S complexes are
processed in the nucleus before nuclear export, the final
processing and modification of pre-rRNA of 40S
completes in the cytoplasm (5,6). During the processing
events, the rRNA of both subunits also undergoes various
chemical modifications. The most common chemical
modifications in rRNA are pseudouridylations (!) and
20-O methylations (Nm), performed by small
ribonucleoprotein particles (snoRNPs). These snoRNPs
consist of an RNA component that functions in the sub-
strate binding and different proteins that have structural
and catalytic functions. Most of the snoRNPs fall into one
of two classes, the box H/ACA snoRNPs and box C/D
snoRNPs responsible for the pseudouridylation and 20-O
methylation, respectively (7,8). Mapping of the modified
nucleotide residues in eukaryotic and archaeal ribosomes
clearly revealed that these modifications cluster in highly
conserved areas of the ribosome like the peptidyl-
transferase centre, sites of A- and P-tRNA binding, the
peptide exit tunnel and intersubunit bridges (9). Therefore,
it is believed that the modification of ribonucleotides opti-
mizes the rRNA structure and represents a way to expand
the topological potentials of RNA molecules (10).
Apart from the pseudouridylation and 20-O ribose

methylation, the bases of rRNA are also known to
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undergo methylation, where a methyl group is added to
the nitrogen atom. Interestingly, these base modifications
are introduced by specific and snoRNA-independent
enzymes. In yeast Dim1 catalyses the N-dimethylation of
two neighbouring adenosines at the 30-end of 18S (11).
Bud23, a base methyltransferase (MTase), has been
shown to catalyse the N7-methylation of guanosine 1575
(12). Recently, we discovered Nep1 to be responsible for
the N1-methylation of the unique hyper modified
m1acp3! 1191 base of eukaryotic 18S rRNA, which is
located in the decoding centre of the ribosome (13). In
contrast to the mild growth defects observed for
snoRNA deletion mutants, the specific enzymes for base
modifications described so far (Dim1, Nep1, Bud23) are
either essential enzymes or have a drastic effect on cell
growth. However, similar to snoRNA-dependent modifi-
cations, there is increasing evidence that the base modifi-
cation itself is not essential, suggesting that base
modifying proteins play a bifunctional role in ribosome
biogenesis. Similarly, the snoRNAs that are involved in
both modification and processing of rRNA are also the
essential snoRNAs (14–16). Therefore, the concurrence of
modification and cleavage events are suggested to happen
in a coordinated manner, implicating that the binding of
these factors to pre-rRNA has possible chaperone-like
functions. Recent observations with the interdependence
of the functional and modification domains for the snR10
have corroborated this hypothesis (17). Crystal structures
of the essential protein Nep1 and its complexes with RNA
also suggest that Nep1 changes rRNA structure on
binding and stabilizes a stem–loop structure, which may
guide the assembly of Rps19 (18). Importantly, the enzym-
atic activity is not required for the essential function, as
mutations in Nep1 that impair S-adenosyl-methionine
(SAM) binding do not result in lethality (19).
The minimal impact on cell growth on loss of this
rRNA modification corresponds to the observation that
most of the snoRNAs responsible for modifications are
not essential (20).
Despite the fact that all snoRNPs causing pseudo-

uridylation and 20-O methylation of 18S and 25S rRNA
and all snoRNA-independent enzymes modifying the 18S
rRNA have already been described, no information is
available about proteins that catalyse the remaining base
modifications of 25S rRNA in yeast. This may also argue
for the involvement of non-essential proteins in these
modification reactions. Only the essential protein Nop2,
which is important for the processing and maturation of
27S pre-rRNA and large ribosomal subunit biogenesis, is
predicted to be most likely an m5C MTase (21,22).
Comparative with ribose modifications, the base modifi-
cations also tend to be in close vicinity to the highly
modified regions, such as Helix 69, which forms the
intersubunit bridge of the ribosome, or within the
peptidyltransferase centre (9). Nevertheless, there is also
a lack of information about the impact of these modifica-
tions on yeast cell growth. In contrast to this, a large
number of base modifying enzymes for the 23S rRNA of
Escherichia coli have been reported. However, the physio-
logical relevance of most modifications for which the re-
sponsible proteins have been identified is still unknown

(23–25). The current hypothesis is that these modifications
could become important only under specific growth or
stress conditions.

The identification of proteins responsible for the base
methylations in yeast could help to unravel the physio-
logical relevance of these modifications. Recent bioinfor-
matic analyses have made it possible to predict the general
substrates for several putative MTases (26). The ribosomal
RNA processing protein ribosomal RNA processing
protein 8 (Rrp8) has also been predicted to modify
tRNA or rRNA. Rrp8 was previously shown to
co-purify with snR190/U14 (boxG) as well as with
rRNA corresponding to the A2 site of the ITS1 region
(27). This is in accordance to its involvement in processing
at site A2 and the genetic interaction with the essential H/
ACA snoRNP protein, Gar1 (28). We have also reported a
genetic interaction of RRP8 with the essential biogenesis
factor NEP1, arguing for a specific role in 40S subunit
biogenesis (29). Interestingly, Rrp8 was also found
in early pre-60S complexes containing the snoRNA-
independent MTase Spb1, suggesting that Rrp8 remains
associated to the 27S A2 pre-rRNA directly after A2
cleavage (30). Moreover, together with snoRNPs and
Spb1, it seems to dissociate from this precursor before
processing proceeds, indicating that Rrp8 is part of an
rRNA modification machinery. In this study, we showed
for the first time that the Rossmann-fold-like protein Rrp8
is responsible for a base methylation of the 25S rRNA. In
addition, we were able to identify specific point mutations
in Rrp8 that showed a distinct effect on the 60S subunit.
Furthermore, we elaborated the previously known genetic
interaction of RRP8 with GAR1 emphasizing a yet
unknown role of Rrp8 in the biogenesis of the 60S
subunit. Our data highlight a dual functionality of Rrp8
in the biogenesis of both small and large subunits.

MATERIALS AND METHODS

Plasmid and yeast strain construction

Detailed descriptions are available in Supplementary
Data. All yeast strains used and constructed are listed
in Supplementary Table S1. Oligonucleotides used
for plasmid constructions are listed in Supplementary
Table S2.

Growth conditions and yeast media

Yeast strains were grown at 30!C in YEPD medium (1%
of yeast extract, 2% of peptone, 2–4% of glucose) or in
synthetic dropout medium (0.5% of ammonium sulphate,
0.17% of yeast nitrogen base, 2–4% of glucose). For se-
lection on KanMX, G418 was added to the medium
(0.2mg/ml). The 5-FOA plates were prepared using syn-
thetic dropout medium to which 0.05 mg/ml of uracil and
1mg/ml of 5-FOA was added. For serial dilution growth
assays, yeast cells were grown over night in YEPD
medium and diluted to an OD600 of 1 followed by 1:10
serial dilutions. From the diluted cultures, 5 ml was spotted
onto YEPD plates and was incubated at 30!C or 19!C.
For growth analysis of tetracycline (tc) aptamer contain-
ing strains, serially diluted cells were spotted on YEPD
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plates containing 0 or 50 mM tetracycline. Growth curves
with tc aptamer containing strains were performed in
liquid YEPD media containing 0 or 250 mM tetracycline.
To test for paromomycin sensitivity, 5 ml of a
paromomycin solution (200mg/ml) was spotted on filter
discs, which were applied on YEPD plates containing the
strains to be tested.

Protein expression and purification

DNA coding for the open reading frame of yeast RRP8
was cloned into the expression vector pPK591. The result-
ing plasmid pKO2 was transformed into E. coli strain
BL21 (DE3) (Novagen) for protein expression. The cells
were grown at 37!C to an OD600 of "0.6, and 0.1mM
isopropyl-ß-D-thiogalactopyranoside was used to induce
protein expression for 18 h at RT. Purification of
6#His-tagged wild-type Rrp8 protein was performed
with the HIS-Select! Nickel Affinity Gel (Sigma-
Aldrich) according to the manufacturer’s protocol. Cells
were disrupted in lysis buffer [300mM of NaCl, 1mM of
ethylenediaminetetraacetic acid (EDTA), 50mM of Tris–
HCl pH 8.0] with 0.1M of PMSF, 0.5M of benzamidine
and 0.015% of ß-mercaptoethanol (14.3M) by extensive
freezing and thawing. After binding the proteins, matrix
was washed three times with wash buffer (50mM of
NaPO4 pH 8.0, 150mM of NaCl and 10mM of
ß-mercaptoethanol). Elution was performed in wash
buffer with the addition of 250–500mM imidazol.
Elution fractions were pooled and extensively dialysed
with dialysis buffer (20mM of Tris–HCl pH 7.5,
100mM of NaCl, 0.1mM of EDTA, 1mM of DTT and
50% of glycerol).

In vitro SAM binding assay

Biochemical determination of SAM binding by ultraviolet
(UV) cross-linking was performed as described previously
(31). Recombinant 6# His–Rrp8 protein (25–30 mg) was
mixed with 2 mCi [3H-methyl] SAM (80 Ci/mmol,
Hartmann Analytic GmbH) in a buffer containing
K3PO4 pH 7.0, 100mM of NaCl, 2mM of EDTA,
1mM of DTT, 5% of glycerol in an open plastic 96-well
plate. The reaction mixture was exposed to UV irradiation
on ice in a Stratagene UV Stratalinker 1800 using the
Autocrosslink function (120 000 mJ and 25–50 s). The
products were run on a 12% sodium dodecyl sulphate–
polyacrylamide gel electrophoresis (SDS–PAGE) and
stained with Coomassie blue. After destaining, the gel
was treated for fluorography as previously described
(32). The undried gel was exposed to X-ray film (GE
Healthcare) for 72 h at $80!C.

Sucrose gradient analysis

For the separation of the subunits, sucrose gradient
analysis was performed on a 10–50% gradient in
ribosome buffer B (50mM of Tris–HCl pH 7.6, 50mM
of NaCl, 1mM of DTT). Lysates of exponentially
growing yeast cells were prepared in 1 ml of buffer B
with glass beads for 2min at 4!C. The amount of RNA
was determined at 254 nm, and 5-OD254 units were loaded
on the gradients. Separation of the subunits was

performed by gradient ultracentrifugation in a SW40 Ti
rotor (Beckman Coulter Inc.) for 17 h at 24 500 r.p.m. and
4!C. Calculation of the 40S to 60S ratio was performed by
using the ImageJ software (http://rsbweb.nih.gov/ij/). The
area below the peaks was determined and multiplied by
their respective concentrations. One OD254 unit of the 40S
subunit corresponds to 54.92 pmol, whereas one OD254

unit of the 60S corresponds to 26.44 pmol. Preparation
of polysome profiles was performed on 10–50% gradients
in polysome buffer A (20mM of HEPES pH 7.5, 10mM
of KCl, 2.5mM of MgCl2, 1mM of EGTA and 1mM of
DTT). Exponentially growing yeast cells were prepared as
described, and 10-OD254 units were used for gradient
ultracentrifugation in a SW40 Ti rotor (Beckman
Coulter Inc.) for 17 h at 19 000 r.p.m. and 4!C.

RNA extraction and northern hybridization

For northern blot analysis, RNA was prepared by phenol/
chloroform extraction as previously described (33). Ten
microgram of RNA was separated on 1% of agarose gel
in 1# TAE supplemented with 6.66% formaldehyde and
transferred to a positively charged nylon membrane
(Hybond N+, GE Healthcare) using capillary blotting.
In all, 50 pmol of the corresponding oligonucleotides
(Supplementary Table S2) were radioactively labelled at
the 50-end using 6ml g32P-adenosine triphosphate
("3.3 pmol/ml, Hartmann-Analytik) and 1 ml T4 poly-
nucleotide kinase (Roche) in the supplied buffer for 1 h
at 37!C and purified with G-25 columns. Hybridization
was done in 15ml hybridization buffer (GE Healthcare)
overnight at 42!C, and signals were visualized by
phosphoimaging using a Typhoon 9100 (GE Healthcare).

Preparation of rRNA

For preparation of 25S rRNA, exponentially growing
yeast cells from 200ml of YEPD medium were harvested,
and cell extracts were prepared using glass beads in
ribosome buffer B. Ribosome subunits were separated as
already described by gradient ultracentrifugation using
a 20–50% sucrose gradient and 20-OD254 units. The 60S
subunits were collected with the Density Gradient
Fractionation System (Teledyne Isco) and precipitated
with 2 vol of 100% ethanol at $20!C for 16 h.
Precipitated 60S subunits were dissolved in water, and
25S rRNA was purified using the RNeasy Kit
(QIAGEN) following the protocol for RNA cleanup.
RNA was eluted in two steps with 65 ml water each.

High-performance liquid chromatography

For high-performance liquid chromatography (HPLC)
analysis, 100 pmol 25S rRNA was digested with nuclease
P1 and bacterial alkaline phosphatase (Sigma-Aldrich)
according to the method of Gehrke and Kuo (1989).
Nucleosides were analysed by RP-HPLC on a Supelcosil
LC-18-S HPLC column (25 cm# 4.6mm, 5 mm) equipped
with a pre-column (4.6# 20 mm) at 30!C on an Agilent
1200 HPLC system. Buffer A (10mM of NH4H2PO4,
2.5% of methanol at pH 5.3) and buffer B (10mM of
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NH4H2PO4, 20% of methanol at pH 5.1) were used with
gradient conditions described as follows. With a flow rate
of 1.0ml/min, the concentration was stable at 0% B for
12min, changed to 10% B over 8min, to 25% B over
5min, to 60% B over 8min, to 64% B over 4min, to
10% B over 9min and 0–100% A over 15min. The
applied gradient conditions provided highly reproducible
elution profiles in the region before the first 20min, elution
conditions with increased methanol concentrations were
less reproducible.
For mass spectrometry analysis, nucleosides were col-

lected from four HPLC experiments and desalted twice
with a Zorbax Eclipse XDB-C18 column (Agilent;
4.6! 150mm, 5 mm) using 5mM of ammonium acetate
pH 6.0 with a flow rate of 0.5ml/min. After buffer evap-
oration, samples were re-solved in water and applied to
MALDI mass spectrometry on a VG Tofspec (Fisons
Instruments) in the negative ion mode.

Isolation of a defined rRNA sequence by
specific hybridization and single-strand digestion

Specific sequence of the 25S rRNA was isolated by hybrid-
ization to complementary (25S–645 and 25S–2142)
deoxyoligonucleotides following a protocol previously
described with slight modifications (34). In all,
1000 pmol of the synthetic deoxyoligonucleotides comple-
mentary to C633–G680 or C2118–G2166 of yeast 25S
rRNA was incubated with 100 pmol of rRNA and 1.5 ml
of DMSO in 0.3 vol of hybridization buffer (250mM of
HEPES, 500mM of KCl at pH 7). After hybridization,
mung bean nuclease and 0.02 mg/ml RNase A (Sigma-
Aldrich) were added to start the digestion. Before the
separation of the samples on a 13% polyacrylamide gel
containing 7M of urea, they were extracted once with
phenol/chloroform and precipitated as described. Bands
were extracted using the D-TubeTM Dialyzers accord-
ing to the manufacturer’s protocol for electroelution
(Novagen!).

Western blot analysis of 3! HA–Gar1

Protein extracts from the HA-epitope tagged yeast strain
were prepared using glass beads. Twenty micrograms total
protein of each sample was separated with 12% SDS–
PAGE and blotted on a PVDF membrane (Millipore).
The membrane was blocked with 5% non-fat dry milk,
and tagged proteins were detected with anti-HA monoclo-
nal antibody (Roche; 1:1000 dilution) followed by
anti-mouse IgG-conjugated horseradish peroxidase
(BioRad; 1:10 000 dilution).

Protein localization

Yeast cells containing GFP–Rrp8 fusion encoding
plasmids and a chromosomally integrated gene encoding
for ScNop56–mRFP were grown to mid-logarithmic
phase in synthetic medium lacking histidine. Protein local-
ization was visualized using a Leica TCS SP5.

RESULTS

The C-terminus of Rrp8 is important for SAM binding
and for Rrp8 function

Rrp8 was identified in S. cerevisiae as a result of its
peculiar genetic interaction with the mutant gar1 allele.
The accumulation of an aberrant 21S rRNA in the
!rrp8 deletion strain illustrated the role of Rrp8 in affect-
ing rRNA processing at site A2 (28). In our previous
study, we have also shown that Rrp8 plays a modest but
yet significant role in 40S subunit biogenesis (29).
Bioinformatics studies using distant homology detection
and fold recognition predicted Rrp8 to be a class I MTase
(Rossmann-like fold) with the MTase domain located in
the C-terminal part of the protein (26). However, the sub-
strate for the Rrp8 MTase remained unknown.

In this study, to unravel the function of the MTase
domain, we used rrp8 mutant lacking the major part of
the MTase domain (rrp8-DC). Based on previous experi-
ments, we additionally generated a point mutation of a
highly conserved glycine in motif I of the Rossmann-like
fold. The mutation of this glycine to either arginine or
alanine was previously shown to affect SAM binding
and, therefore, protein function of the yeast arginine
MTase Hmt1 (35). Consequently, we chose to mutate
the equivalent residue and generated the substitution
mutants, rrp8–G209R and rrp8–G209A. A serial dilution
assay of the rrp8-DC mutant revealed the previously
observed cold-sensitive phenotype and the hypersensitivity
to paromomycin (28,29). The mutants expressing Rrp8–
G209R and Rrp8–G209A also showed these phenotypes.
However, the sensitivity to low temperature and
paromomycin was not as strong as in the rrp8-DC
mutant (Figure 1A and B). To test whether the mutant
protein versions are not degraded and still localized to the
nucleolus, we generated a GFP-fusion and compared the
GFP signal of tagged wild-type Rrp8 with the tagged
Rrp8–G209R and Rrp8–G209A proteins. Signal intensity
and localization is comparable with the GFP-fusion con-
struct with wild-type Rrp8, emphasizing that the mutant
proteins are expressed to normal level and that the
observed phenotypes are not because of a delocalization
of the protein (Figure 1C). Taken together, these results
demonstrated that the deletion of the MTase domain and
a point mutation in a highly conserved SAM binding
motif alters Rrp8 function.

Rrp8 binds to [3H-methyl] SAM in vitro

To biochemically verify the bioinformatic prediction and
to test whether Rrp8–G209R and Rrp8–G209A affect
SAM-binding, we used an in vitro SAM-binding assay.
The N-terminal HIS-tagged Rrp8 proteins were incubated
with [3H-methyl] SAM and were UV cross-linked. The
co-migration of the [3H]-signal with the 6! His–Rrp8
protein illustrated that SAM binds to Rrp8 indeed. In
contrast to this, no SAM binding of the respective
Rrp8–G209R and Rrp8–G209A mutant proteins was
observed (Figure 2). This result clearly demonstrated
that yeast Rrp8 is able to bind SAM in vitro, and that
the G209R and G209A mutations either abolish or
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strongly reduce the SAM-binding. This further supported
the notion of Rrp8 being a SAM-dependent MTase.
Therefore, loss of the Rrp8-mediated modification could
either influence rRNA processing or ribosome assembly.

Hypomorphic expression of Gar1 in rrp8-DC affects the
amount of mature 60S subunits

Previous observation, where Rrp8 was shown to be
involved in 40S biogenesis, advocates its involvement in

the modification of 18S rRNA. However, as the enzymes
responsible for all known modifications of 18S rRNA had
already been identified, the odds of Rrp8 being involved in
18S rRNA modification appeared nominal (11–13).
Additionally, using a previously described protocol (13),
we had already excluded the possibility of Rrp8 catalysing
the acp-modification within the highly conserved helix 35
of 18S rRNA for which the responsible enzyme remains
unknown (data not shown).
In our previous study, we made evident that the syn-

thetic lethal interaction between a suppressed !nep1
and !rrp8 mutant is the result of defects in 40S biogenesis
(29), which was the basis for our assumption of Rrp8
being a 40S MTase. Similarly, we next analysed another
synthetic lethal interaction of the rrp8-DC mutant with
a gar1 mutant. Gar1 is an essential structural protein
of all H/ACA box snoRNPs and contains N-terminal
and C-terminal GAR or RGG domains. Interestingly,
these GAR domains are not essential for viability.
However, as previously mentioned, it was shown that
the expression of a mutant Gar1 protein lacking its
two glycine/arginine-rich (GAR) domains (gar1DGAR)
leads to inviability, when combined with a !rrp8
deletion strain (28).
To analyse this interaction between rrp8-DC and

gar1DGAR mutant, we regulated the expression of the es-
sential Gar1 protein using the described tetracycline
aptamer regulatory system, where addition of tetracycline
prevents translation of the corresponding mRNA (36). In
addition to this, we constructed plasmids expressing the

Figure 1. Phenotypic characterization of the strains used in this study. (A) Ten-fold serial dilutions of the indicated strains were spotted onto solid
YEPD plates and were incubated at different temperatures. (B) Paromomycin sensitivity tests were performed by spotting 5 ml of paromomycin
solution (200mg/ml) on filter discs, which were then applied on YEPD plates containing the strains indicated. (C) To test the nucleolar localization
of Rrp8 Rrp8–G209R and Rrp8–G209A, plasmids pKO1, pKO10 and pKO11 carrying GFP-fusion constructs were transformed into strain
ScNop56-mRFP and were visualized with Leica TCS SP5.

Figure 2. In vitro SAM-binding of Rrp8. Recombinant 6! HIS–Rrp8,
6! HIS–Rrp8–G209R and 6! HIS–Rrp8–G209A were expressed in
E. coli. The purified proteins (25–30mg) were then incubated with
[3H-methyl] SAM, and the reaction mixture was exposed to UV irradi-
ation. The products were re-solved on a 12% SDS–PAGE gel and
stained with Coomassie blue. After destaining, the gel was prepared
for fluorography.
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whole Gar1 protein (GAR1), a Gar1 protein without the
N-terminal GAR domain (!Gar1), a Gar1 protein
without the C-terminal GAR domain (Gar1!) and a
protein without both GAR domains (!Gar1!), to
explore the specificity of the synthetic interaction. The
tetracycline aptamer regulated TDH3p-tc3-3xHA-GAR1
allele (tc-GAR1 allele) and allowed gradual depletion of
the Gar1 in the presence of tetracycline (Supplementary
Figure S1). The tc-GAR1 allele was recombined with the
various plasmids expressing the Gar1 variants. Addition
of 50 mM tetracycline (tc) strongly inhibited the growth of
the tc-GAR1 allele, and all Gar1 variants could comple-
ment this growth defect. No effect of tetracycline was
observed for the rrp8-DC mutant (Figure 3). To analyse
the effect of a reduced Gar1 expression on the rrp8-DC
mutant, we combined the rrp8-DC allele with the tc-GAR1
allele and investigated the growth of this double mutant
strain along with the Gar1 variants without and with
tetracycline. As expected, the double mutant showed a
synthetic growth defect. The plasmids expressing the
Gar1, !Gar1 and the Gar1! proteins complemented
this deficiency, whereas the plasmid expressing the
!Gar1! protein failed to complement growth in the
presence of tetracycline (Figure 3). This independently
confirmed the previously described synthetic lethality of
!rrp8 with the gar1DGAR mutant (28). Additionally, as
only the double mutant with the plasmid expressing the
!Gar1! protein showed the same growth phenotype as
the double mutant with the empty vector, this indicated
that only loss of both GAR domains impairs the func-
tional interaction of Rrp8 and Gar1.
To investigate the influence of this impaired functional

interaction on ribosome biogenesis, we then examined the

relative abundance of ribosomal subunits in the rrp8-DC
tc-GAR1 double mutant strain. Based on A254 absorbance
estimates, the ratio of 40S to 60S subunits in the rrp8-DC
mutant (0.84) was smaller than that of the wild-type cells
(1.02, data not shown), which is in accordance to our pre-
viously described results. Importantly, also the pattern
for cells expressing the tc-GAR1 allele was similar to pre-
viously published results, showing that a reduced level
of Gar1 led to a strong 40S subunit decrease (37).
Interestingly, the 40/60S subunit ratio increased in the
rrp8-DC tc-GAR1 strain to a value of 1.35, emphasizing
a decrease in the amount of 60S subunits (Figure 4). This
decrease is also supported by the polysome profile of the
double mutant, showing the formation of half-mers (data
not shown). An influence of Gar1 on 60S production can
be easily explained, as Gar1 being an essential structural
protein of H/ACA box snoRNPs and is important for the
modification of 25S, 5.8S and 5S rRNA. However, this
phenotype occurs only with a concomitant loss of Rrp8,
recommending that Rrp8, in addition to its function in
18S rRNA processing, might also play a role in 60S bio-
genesis. This was supported by a previously performed
sedimentation profile of Rrp8 on a glycerol gradient and
our recent ribosome profile analysis, which showed that
the majority of Rrp8 localizes in fractions corresponding
to the 60S subunits (28,29).

Figure 4. Ribosome subunit analysis of tc-GAR1 rrp8-DC and rrp8-DC
tc-GAR1. Sucrose gradient centrifugation was performed to analyse the
influence of conditional expression of Gar1 in combination with
rrp8-DC on ribosomal subunits. Cells were grown in liquid media
without (A) or with 250mM (B) tetracycline to an OD600 of 1.
The volume of cell extracts containing 5-OD254 units was layered on
10–50% sucrose gradients and was centrifuged for 17 h at 24 500 r.p.m.
and 4!C with a SW40 Ti rotor.

Figure 3. Complementation assay of tc-GAR1 with different GAR1
constructs. After transforming the plasmids expressing the whole
Gar1 protein (GAR1), a Gar1 protein without the N-terminal GAR
domain (!GAR1), a Gar1 protein without the C-terminal GAR
domain (GAR1!) and a protein without both GAR domains
(!GAR1!), ten-fold serial dilutions of the single mutants (rrp8-_C,
tc-GAR1) and the double mutant (rrp8-_C tc-GAR1) were spotted
onto -ura plates with or without tetracycline. Plates were incubated
at 30!C.
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The rrp8–G209R and rrp8–G209A mutations led to half-
mer formation

To elucidate that the decrease of 60S subunits in the
rrp8-DC tc-GAR1 strain is because of loss of the MTase
activity rather than to the loss of whole Rrp8, we next
analysed the rrp8–G209R and rrp8–G209A mutants in
combination with the tc-GAR1. Growth analysis of the
corresponding double mutants (rrp8–G209R tc-GAR1,
rrp8–G209A tc-GAR1) showed similar synthetic growth
defects as observed with the rrp8-DC tc-GAR1 double
mutant (Supplementary Figure S2). This observation
made it apparent that it should be the SAM-dependent
function of Rrp8 leading to lesser 60S subunits in the
rrp8-DC tc-GAR1 strain.

This became even more lucid with the polysome profiles
of the rrp8–G209R and rrp8–G209A mutants. Cells ex-
pressing Rrp8–G209R or Rrp8–G209A exhibited
half-mer polysomes (Figure 5). Half-mer polysomes are
representatives of defects in the 60S subunit. Taken into
account that the rrp8-DC mutant alone shows a normal
polysome profile, and that a Drrp8 mutant has no detect-
able influence on 60S biogenesis (28), these results seem to
be counter-intuitive. However, comparable results were
obtained using a mutant version of snR10 (snr10DC)
that has no influence on 40S biogenesis but lacks the
pseudouridylation of U2923 (38). A deletion of SNR10
showed no half-mers, whereas snr10DC results in the for-
mation of these. Because loss of snR10 leads to a low level
of free 40S subunits, the yield of half-mers was suggested
to be low and perhaps below detection. Therefore, in the
snr10DC mutant, the effects of snR10 on 40S subunit pro-
duction can be separated genetically from its role in !
modification, which seems to affect the rate of 80S
ribosome formation. According to this, half-mer produc-
tion in the rrp8–G209R and rrp8–G209A mutants could
also account for a defect that merely occurs when Rrp8

is present but is not able to perform its normal
SAM-dependent function.

Rrp8 performs m1A methylation at position 645 of the
25S rRNA

The described results prompted us to analyse a possible
influence of Rrp8 on 25S rRNA modifications. Despite the
already known 20-O ribose methylations that are per-
formed by snoRNPs and Spb1, seven base methylations
are reported for which no corresponding proteins are
known in yeast (9). To test for the loss of a base methy-
lation, RP-HPLC analysis of nucleosides derived from
yeast 25S rRNA was conducted. After sucrose gradient
ultracentrifugation, 60S fractions of the wild-type and
the rrp8-DC mutant were pooled separately, and RNA
was extracted. The nucleoside composition of the 25S
rRNA was analysed using a modified gradient of a previ-
ously described protocol on a Supelcosil LC-18-S HPLC
column at 30!C (39). Surprisingly, we observed the reduc-
tion of a peak with a retention time of 10.48min, which
was close to the described retention time of 10.6min for
m1A under these elution conditions (Figure 6). MALDI
mass spectrometry confirmed that the respective peak cor-
responds to the m1A modification (Supplementary
Figure S3). As two such base methylations exist in the
25S rRNA, it became likely that a reduction of this peak
corresponds to the loss of one m1A modification. This
suggests Rrp8 to be responsible for the methylation of
one adenine.
To determine which of the two m1A modifications is

performed by Rrp8, we next isolated defined rRNA se-
quences using synthetic deoxyoligonucleotides comple-
mentary to nucleotides 633–680 (25S-645) and
2118–2166 (25S-2142) of yeast 25S rRNA. Isolated 25S
rRNA from the wild-type and the rrp8-DC mutant was
hybridized with the oligonucleotide 25S-645 or 25S-2142
to protect the respective rRNA sequence from nuclease
digestion. Single-stranded DNA and RNA were, subse-
quently, removed by nuclease digestion, and the protected
RNA fragment was gel-purified. The resulting RNA
fragment was prepared for HPLC analysis again using
the Supelcosil LC-18-S column. Analysis of the protected
nucleotides within region 2118–2166 of wild-type and
mutant 25S rRNA revealed a specific peak for the m1A
modification, whereas no peak for this modification was
observed in the nucleotide composition of region 633–680
from rRNA of the mutant (Figure 7). The results clearly
showed that Rrp8 is responsible for the methylation at
position 645 in yeast 25S rRNA.
Together with the 20-O methylations Am649 and

Cm650, which are caused by the U18 snoRNP, the
modified nucleotide A645 is located in loop 25.1
between domain I and domain II of the 25S rRNA.
Interestingly, sequences that are positioned in between
these two elements are in close proximity to the associ-
ation sites of 5.8S rRNA with 25S rRNA. These sites
consist of two regions of extended base pairing between
the 50-region of 5.8S and 25S rRNA and between the
30-region of 5.8S and 25S rRNA.

Figure 5. Polysome profile analysis of the point mutants. Polysome
profile analysis was performed to detect the translational status of
rrp8–G209R and rrp8–G209A in comparison with the wild-type
(RRP8) and the rrp8-DC mutant. Half-mers are indicated by asterisks.
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The Rrp8–G209R and Rrp8–G209A mutant proteins
reveal a reduced m1A methylation state

In accordance to our hypothesis that loss of a modifica-
tion in the mutants expressing Rrp8–G209R and Rrp8–
G209A might functionally influence the 60S subunit, we,
consequently, investigated the methylation state of 25S
rRNA in these mutants. Comparison of the peak height
corresponding to the m1A peak in the HPLC runs of
the wild-type and the respective point mutant suggested
a reduction of the modification reaction in the mutant
strains. We, therefore, estimated the peak areas, and
calculated that in the point mutants, the m1A peak is
reduced to !30% (rrp8–G209A) and to 40% (rrp8–
G209R), whereas the rrp8-DC mutant showed reduction
to one half (Figure 8). These results emphasize that the
amino acid exchange in motif I of Rrp8 affects the enzym-
atic activity of the protein but does not totally abolish it.
Our observations are in good agreement with previously
performed experiments. Corresponding amino acid
exchanges in motif I of the MTase Hmt1p also retain
some activity (35).
Taken together, these results propose that the loss of

m1A645 modification affects the function of the 60S

subunit and that half-mer formation in the point mutants
is because of defect in 60S subunits. The fact that no
half-mers can be observed in the rrp8-DC mutant might
be explained by the previously mentioned example of the
snr10DC mutant. However, this would implicate that
the observed growth phenotypes of the point mutants
are not because of impaired processing of 18S rRNA.

G209R and G209A substitutions do not affect A2 cleavage

To test whether the A2 cleavage is affected in the mutants
expressing Rrp8–G209R or Rrp8–G209A, we performed
northern blot analysis. Both mutants showed normal
A2 cleavage and no accumulation of the aberrant 21S
pre-rRNA, indicating that the modifying function of
Rrp8 can be separated from its role in small subunit syn-
thesis and that m1A645 is not required for normal pro-
duction of 40S particles (Supplementary Figure S4).
In addition to this, we were not able to detect any accu-
mulation of 25S rRNA precursors. This indicates that
both point mutants do not effect the processing of
rRNA species involved in 60S subunit biogenesis and
that half-mer formation should result from functional or
assembly defects in the large subunit. Because of the

Figure 6. Loss of Rrp8 influences the amount of 25S rRNA m1A modification. After sucrose gradient centrifugation, 60S subunits were collected
with the Density Gradient Fractionation System (Teledyne Isco), and 25S rRNA was isolated. The 25S rRNA was digested with nuclease P1 and
bacterial alkaline phosphatase (Sigma-Aldrich). Nucleosides from the wild-type (A) and the rrp8-_C mutant (B) were analysed by RP-HPLC on a
Supelcosil LC-18-S HPLC column (25 cm" 4.6mm, 5 mm) equipped with a pre-column (4.6" 20mm) at 30#C on an Agilent 1200 HPLC system.
(C) Localization of m1A modifications of 25S rRNA is shown in the secondary structure of Helix 25.1 and Helix 65 (http://www.rna.icmb.utexas.
edu/). (D) 3D structure of the corresponding helices was made using PyMol software (PyMOL Molecular Graphics System, Version 1.2r3pre,
Schröinger, LLC) using the recent 80S ribosome structure (3U5D.pdb and 3U5E.pdb). RNA is coloured in green, whereas the modified bases
are shown in red spheres.
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normal processing of 18S rRNA, the 60S defect is more
pronounced in the point mutants, whereas in the rrp8-DC
mutant, there seems to be reduction of both mature 40 and
60S subunits, which in turn prevents the half-mer forma-
tion. The half-mers formation depends on the relative
amount of two subunits in the cytoplasmic pool, and the
mutual decrease of both subunits should prevent any
half-mer formation, as evident in the rrp8-DC mutant.

A mutation in 25S rRNA at position 645
affects 60S biogenesis

To gain further insights into the function of the m1A 645
modification, we decided to analyse the effects of a nu-
cleotide exchange at position 645. Therefore, we
exchanged A645 to the nucleotide T and episomally ex-
pressed the mutated 25S-A645T rRNA in a strain lacking
the wild-type rDNA locus. In addition to our RNA pro-
tection assay, the HPLC analysis of the expressed mutant
rRNA again clearly confirmed that the reduction of the
peak at 10min corresponds to the loss of the m1A modi-
fication (Supplementary Figure S5). The A to T substitu-
tion revealed strong formation of half-mers, which seemed
to be even stronger than compared with the point mutants
(Figure 9). Additionally, the growth defect of the strain

along with the observed cold-sensitivity and hypersensitiv-
ity to paromomycin seemed to be much stronger than
compared with the rrp8-DC mutant, suggesting that the
nucleotide substitution leads to a stronger defect than
the loss of the modification alone. This is most likely
because of a disturbed rRNA structure that might affect
processing or assembly of 60S subunits. By reason of these
differences, we are not able to ascertain the precise
function of the modification. However, because of the
strong growth defect of the rRNA mutant, it is tempting
to speculate that the structural integrity of Helix 25.1
plays an important role for 60S biogenesis.
Taken together, our results provide decent evidences

that Rrp8 is responsible for the m1A645 modification of
25S rRNA and is involved in the biogenesis of both 40S
and 60S subunits. The reduction of the 60S peak in the
rrp8-DC tc-GAR1 strain asserts that the functional rela-
tionship of Rrp8 and Gar1 might be because of structural
rearrangements during ribosome biogenesis. This could
be supported by the fact that GAR domains have
RNA-helix-destabilizing properties in vitro (40) and are
implicated in non-specific protein RNA interactions (41).
Furthermore, the importance of the physical presence of
wild-type Rrp8 for the assembly of the 60S subunit is a

Figure 7. RP-HPLC analysis of mung bean digested RNA fragments. Specific sequences of the 25S rRNA from wild-type (A and C) and the rrp8-_C
mutant (B and D), corresponding to Helix 25.1 and Helix 65, respectively, were isolated by hybridization to complementary deoxyoligonucleotides
(Oligo645 and Oligo2142) followed by mung bean digestion. RP-HPLC analysis with these fragments was then carried out on a Supelcosil LC-18-S
HPLC column (25 cm! 4.6mm, 5 mm) equipped with a pre-column (4.6! 20mm) at 30"C on an Agilent 1200 HPLC system. The following amounts
of digested RNA were loaded: (A) 1.9 mg, (B) 1.3 mg, (C) 2.9 mg and (D) 1.8 mg.
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new and interesting feature of Rrp8 that is valuable and
has to be considered in futures studies.

DISCUSSION

Rrp8 was long thought to be a protein MTase involved
exclusively in the late pre-40S biogenesis. Gar1 and
histone H2 were considered to be the most favourable
substrates for Rrp8, by virtue of their genetic and
physical interactions (42). Also, as the human homologue
of yeast Rrp8 was already shown to epigenetically regulate
the rRNA transcription and exhibits a physical interaction
with methylated histone H3, the histone H2 in yeast was
considered to be the obvious target for the yeast Rrp8.
In contrast, here, we demonstrated for the first time that
yeast Rrp8 is an rRNA MTase responsible for the
N1-methylation of A645 of 25S rRNA. In addition, we
also provide evidences that Rrp8 is not only a part of
the 40S biogenesis machinery but also plays an active
role in the 60S subunit synthesis. As mentioned before,
Rrp8 was considered to be a factor involved in the 40S
biogenesis. Interestingly, although investigating the
genetic interaction of rrp8-DC with the tc-GAR1 allele,
we came across with the evidences that this genetic

interaction is most likely the result of 60S biogenesis
defects. The Rrp8 point mutants could show that it is
indeed the alteration of the SAM-dependent function of
Rrp8 that leads to the synthetic interaction with the
tc-Gar1 allele. Unfortunately, we are not in a position to
comment on the precise role of Gar1 in this interaction,
except that both N- and C-terminal GAR or RGG
domains are essential for this interaction.

The analysis with the specific Rrp8 point mutants
helped us to further explain the importance of Rrp8 and
its SAM-dependent function in the 60S biogenesis. With
the in vitro SAM binding and RP-HPLC analysis, we
could show that an amino acid exchange in motif I of
Rrp8 leads to alteration in the SAM binding activity
and affects the m1A modification. The polysome profiles
with these point mutants displayed that, in contrast to 40S
biogenesis defects in the rrp8-DC mutant, the rrp8–G209R
and the rrp8–G209Amutant exhibit a specific defect in 60S
subunits. Considering that Rrp8 is a MTase, and the point
mutation alters the SAM binding, the decrease in mature
60S subunits could be explained with the two assumptions,
(i) the decreased m1A modification in Rrp8 point mutants
affects the processing or assembly of 60S subunits that
leads to lesser mature 60S subunits or (ii) the point

Figure 8. RP-HPLC analysis of 25S rRNA nucleosides from rrp8–G209R and rrp8–G209A mutant cells. After sucrose gradient centrifugation, 60S
subunits were collected with the Density Gradient Fractionation System (Teledyne Isco), and 25S rRNA was isolated. The 25S rRNA was digested
with nuclease P1 and bacterial alkaline phosphatase (Sigma-Aldrich). Nucleosides from the mutants (C and D) together with the respective wild-type
strain (A) were analysed by RP-HPLC on a Supelcosil LC-18-S HPLC column (25 cm! 4.6mm, 5 mm) equipped with a pre-column (4.6! 20mm) at
30"C on an Agilent 1200 HPLC system. (B) Estimation of m1A peak areas in different rrp8 mutants. The m1A peak areas detected in the RP-HPLC
analysis of the corresponding strain were estimated using the Agilent ChemStation software. The value for the wild-type was set to 100%.
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mutations in this region of Rrp8 alter the native conform-
ation of the protein, which then impair its yet known
function in 60S biogenesis. Interestingly, the first hypoth-
esis seemed more preferable, as the rDNA point mutant
where the A645 was exchanged with T displayed a similar
decrease in the mature 60S subunits. Therefore, it is
tempting to speculate that the loss or reduction in the
modification of this A645 somehow influences the
assembly of the 60S subunit. We could exclude the pro-
cessing defects in the point mutants, as no accumulation of
the 25S precursors was observed in northern blotting. As
far as the alteration of the native conformation of Rrp8 is
concerned in these point mutants, we could provide
compelling evidences that the mutant rrp8 was expressed
and translocated to the nucleolus just like the wild-type
Rrp8. In addition, lack of 21S rRNA accumulation and
any 40S biogenesis defects also made it clearer that
theRrp8 point mutants were more or less still functional
in terms of their SAM-independent function at the A2 site.
Collectively, our results present convincing evidences for
Rrp8 to be involved in the biogenesis of both large and
small subunits.

To our knowledge, Rrp8 is the first example of a
eukaryotic MTase that performs a m1A modification
on ribosomal RNA. Despite the highly conserved
1-methyladenosine modification in the T-loop of tRNAs
in all three domains of life, only few examples of the
N1-methylation of adenosine in ribosomal RNAs are
described to date (9). Bacterial rRNAs normally do not
contain any m1A modification, with the exception of those
pathogenic bacteria and antibiotic producers that have
evolved mechanisms of resistance to antibiotics.

Methylation of the N7 position of G1405 or the N1
position of A1408 in the 16S rRNA of pathogenic
bacteria and antibiotic producers provide high-level of re-
sistance to most aminoglycosides used in clinical practice
and is carried out by specific MTases (43–45). For riboso-
mal RNAs in archaea, a m1A modification is reported in
the case of A628 for Haloarcula marismortui 23S rRNA
(46), and human 28S rRNA carries a m1A modification at
position A1309 (47,48).
Generally, such nucleotide modifications have impact

on the local structure of the RNA. Methyl groups can
increase base-stacking because of their hydrophobicity,
and they may also induce structural changes by increasing
steric encumbrance or by blocking hydrogen bonds
(49,50). The formation of m1A modulates the electron
density in the aromatic purine system and, therefore, in-
fluences the strength of hydrogen bonds, which block a
Watson–Crick position in the adenosine, and introduces a
positive charge to the nucleoside (51). The 20-O methyla-
tions, which are performed by the U18 snoRNP and are
located in close proximity to the m1A645 modification,
may help to establish a hydrophobic environment that
could be important for the region of Helix 25.1.
Therefore, it is possible that the loss of the modification
affects fine-tuning of ribosome function that could give
rise to the pronounced cold-sensitivity or decreased resist-
ance to paromomycin.
The analysis of the 3D structure of the region around

the modification site shows that the interaction of the
50-end of 5.8S rRNA with 25S rRNA is in close proximity
(Supplementary Figure S6C). A previous study suggests
that helix formation in the region between domain I and
II is a prerequisite for a correct topological framework for
5.8S rRNA to interact with 25S rRNA (52). The observed
genetic interaction data support a function of Rrp8 in
this region. Processing at cleavage sites A2 and A3 is an
important step for the maturation of 5.8S rRNA, and the
CRAC analysis from Tollervey’s laboratory has recently
shown that the A3 cluster proteins influence the pre-rRNA
folding and 5.8S rRNA maturation (53). This study also
revealed the binding of the essential 60S biogenesis factor
Nop4 to Helix 26, which is close to the Rrp8 modification
site, raising the possibility that Rrp8 is also involved in
structural rearrangements on binding to its target site.
Consequently, this could also disturb the precise inter-
action of Nop4 with the rRNA leading to a processing
defect. Supportive to this is the fact that the 60S biogenesis
factors NOP12, NOP15 and NOP16, which belong to the
A3 cluster, have been reported to show a positive genetic
interaction with RRP8 (54). The predicted binding sites
for Nop12 and Nop15 are within ITS2, the processing of
which is also influenced by ITS1 (53). In addition to this,
our study provides a strong evidence for a coordination
of A2 cleavage with early maturation events of 27S A2
pre-rRNA as proposed recently.
Together with snR10 and Gar1, Rrp8 also turned out to

be an interesting example for the robust coordination of
40S and 60S subunit biogenesis. Snr10 is responsible for a
modification in the 25S rRNA, and the deletion of SNR10
leads to similar defects in 40S synthesis as observed in a
Drrp8 mutant. These examples again highlight the

Figure 9. Polysome profiles and growth analysis of the rRNA mutant
strain. (A) Polysome profile analysis was performed to detect the trans-
lational status of the rRNA mutant A645U. Mutated rRNA was
expressed from the plasmid pPK618 in a strain where genomic rDNA
was deleted. Wild-type rRNA was expressed from pAV164.
(B) Thermosensitivity of strains carrying these plasmids was analysed
on solid YEPD plates incubated at different temperatures.
(C) Paromomycin sensitivity tests were performed as previously
described.
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structural complexity of ribosome biogenesis and show
that the physical presence of the protein and the catalytic
activity affect the processing and assembly of pre-rRNA in
different ways.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online:
Supplementary Tables 1 and 2, Supplementary Figures
1–6, Supplementary Methods and Supplementary
References [13,36,55–59].
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Figure S1. Hypomorphic expression of Gar1. (A) Gar1 was conditionally expressed using 

the tc aptamer construct. Growth curve analysis was performed in liquid YEPD media 

containing 0 or 250 !M tetracycline. (B) The functionality of the construct was analyzed 

performing a protein immunoblot with the samples collected at different time points (t0-t12). 

(C) 50 !M tetracycline provides an optimal hypomorphic expression of Gar1 to analyze the 

complementation with pCP51 (GAR1). (-) represents the empty vector pRS426 used as a 

negative control. 
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Figure S2. Hypomorphic expression of Gar1 in combination with rrp8-G209R and rrp8-

G209A. Ten fold serial dilutions of the respective mutants containing the indicated plasmids 

were spotted onto -ura plates with or without tetracycline. Plates were incubated at 30 °C. 
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Figure S3. Identification of the m1A modified nucleotide adenosine by mass 

spectrometry. (A) Nucleosides were collected from four HPLC experiments and desalted 

twice with a Zorbax Eclipse XDB-C18 column (Agilent; 4.6 x 150 mm, 5 !m) using 5 mM 

ammonium acetate pH 6.0 with a flow rate of 0.5 ml/min. After buffer evaporation, samples 

were resolved in water and applied to MALDI mass spectrometry on a VG Tofspec (Fisons 

Instruments) in the negative ion mode. (B) Additionally, the peak corresponding to a 

predicted m5C modification was collected and analyzed by ESI mass spectrometry on a 

MicroTof-QII (Bruker) in the negative ion mode. 5 mM TEAA buffer pH 7.0 with methanol 

(50%) was used as mobile phase. 
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Figure S4. Northern blot analysis with different rrp8 mutants. 10 !g of total RNA was 

separated on a 1% agarose gel in 1xTAE supplemented with 6.66% formaldehyde and 

transferred to a positively charged nylon membrane. The membrane was hybridized with 

radioactive labelled probes ITS1 (left) and C2/C1 (right). Binding sites of the probes are 

indicated above the northern blots. rrp8-!C exhibits a stronger 21S rRNA accumulation 

whereas the point mutants lack any such aberrant rRNA species. 
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Figure S5. RP-HPLC analysis of 25S rRNA nucleosides from the rRNA mutant. After 

sucrose gradient centrifugation, 60S subunits were collected with the Density Gradient 

Fractionation System (Teledyne Isco) and 25S rRNA was isolated. 100 pmol 25S rRNA was 

digested with nuclease P1 and bacterial alkaline phosphatase (Sigma-Aldrich). Nucleosides 

from the mutant (B) together with the respective wild-type strain (A) were analyzed by RP-

HPLC on a Supelcosil LC-18-S HPLC column (25 cm x 4.6mm, 5 !m) equipped with a 

precolumn (4.6 x 20 mm) at 30°C on an Agilent 1200 HPLC system. 
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Figure S6. Three-dimensional representation of Helix 25.1 in 60S subunit. (A) 3D 

cartoon of the rRNA structure of the whole ribosome, highlighting 5.8S rRNA (green), 5S 

rRNA (cyan) and Helix 25.1 (dark blue). The 25S rRNA of 60S subunit is shown in red 

ribbons, whereas the 18S of 40S subunit is shown as green meshwork. (B) Cartoon 

representing the proximity of Rpl32 (cyan) with Helix 25.1 (red). The m1A modification is 

shown as blue spheres. (C) A zoomed in view of Helix 25.1 (red) accentuating its importance 

for a correct topological framework for 5.8S rRNA (green) to interact with 25S rRNA. The 

m1A modification is shown as blue spheres. All the pictures were made using PyMol 

software (PyMOL Molecular Graphics System, Version 1.2r3pre, Schrödinger, LLC.) using 

the recent yeast 80S ribosome structure (3U5B.pdb, 3U5C.pbd, 3U5D.pdb and 3U5E.pdb). 
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Supplementary Methods 

 

Yeast strain constructions 

All strains used in this study (see Table S1 for Yeast strains) except Nop56-mRFP are 

isogenic to CEN.PK2 (55). For PCR mediated deletion of open reading frames the loxP-

SpHIS5-loxP gene disruption cassette was amplified with the appropriate primers and 

plasmid pUG27 as template (56). For amplification of the RRP8 deletion cassette primers 

MB1 and MB2 were used. All double mutants were constructed by mating of single mutants 

and sporulation of resulting diploids followed by tetrad dissection. 

 

The Rrp8-G209R and Rrp8-G209A point mutations (rrp8-G209R, rrp8-G209A) were 

introduced into the genome with the “delitto perfetto” method (57). Therefore the disruption 

cassette was amplified with primers Core-S1 and Core-S2 and integrated into the RRP8 

open reading frame within in wild-type strain CEN.PK2. Replacement of the marker cassette 

was performed after tetrad dissection using the oligonucleotides IRO-G228R1 and IRO-

G228R2 (rrp8-G209R) or IRO-G228A1 and IRO-G228A2 (rrp8-G209A). The dsDNA 

obtained after hybridization was transformed into a haploid strain carrying the marker 

cassette. 5-FOA resistant transformants with the respective mutations were isolated. 

 

For creation of strains with GAR1 under translational control of the tc aptamer, an insertion 

cassette containing ScTDH3 promotor, 3 tc aptamers and a 3xHA epitope was amplified 

from plasmid pTDH3p-tc3-3xHA (36) with primers GAR1-Tc1 and GAR1-Tc2 and integrated 

upstream of the GAR1 open reading frame in the wild-type CEN.PK2. 

 

Complete deletion of yeast chromosomal rDNA repeats in CEN.PK strains were obtained as 

described previously (13). Strain CEN.PK920-1C carrying the complete deletion of the 

chromosomal rDNA repeats and expressing one copy of the rDNA cluster from the high-copy 

number plasmid (URA3, LEU2d) pRDN-hyg1. To exchange plasmid pRDN-hyg1 strain 

CEN.PK920-1C was transformed with high copy plasmids (TRP1, LEU2d) carrying the wild-

type rDNA (pAV164) or mutant rDNA (pPK618), respectively. Strains were cured of plasmid 

pRDN-hyg1 by selection on 5-FOA medium, finally resulting in strains CEN.PK968-1C 

(pAV164, wild-type) and CEN.PK1066-1C (A645T), resp. 

 

Plasmid constructions 

For cellular localization of GFP-fusion proteins the RRP8 open reading frame was amplified 

using the primers RRP8-GFP-S1, RRP8-GFP-S1 and genomic DNA of CEN.PK2 as the 

template. The PCR product was introduced into the SalI digested plasmid pUG34 (kindly 

provided by H. Hegemann) using the gap-repair method described previously (58), resulting 
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in plasmid pKO1. Construction of the plasmids pUG34 carrying the Rrp8-G209R mutation 

(pKO10) and the Rrp8-G209R mutation (pKO11) was performed using primers RRP8-GFP-

S1, RRP8-GFP-S2 and genomic DNA of CEN.CP6-2A or CEN.CP10-2A as the template and 

the described cloning strategy. This method was also used to construct the plasmids for 

6xHIS-Rrp8 (pKO2), 6xHIS-Rrp8-G209R (pCP55) and 6xHIS-Rrp8-G209A (pCP56) 

expression and multi-copy plasmids with wild-type or truncated GAR1 version under control 

of the own promoter and terminator. Genomic DNA of CEN.PK2 was used as the template. 

Primers 591-RRP8-GAP-FP and 591-RRP8-GAP-RP were used for construction of pKO2, 

pCP55 and pCP56. The PCR fragment was introduced into a BamHI digested pPK591 

plasmid (P. Kötter unpublished data) that allows IPTG induced expression of the respective 

Rrp8 version under the control of T7 promoter and terminator. For wild-type or truncated 

GAR1 versions the following primer combinations were used for amplification reactions and 

plasmid constructions: pCP51 (GAR1), primers GAR1-GAP-FP and GAR1-GAP-RP; pCP54 

(!GAR1), primers Dgar1-GAP-FP1 and GAR1-GAP-RP; pCP52 (GAR1!), primers GAR1-

GAP-FP and Dgar1-GAP-RP1; pCP53 (!GAR1!), primers Dgar1-GAP-FP1 and Dgar1-

GAP-RP1. For construction of pCP51, plasmid pRS426 (59) was digested with SalI prior to 

the homologous recombination reaction. For construction of pCP52, pCP53 and pCP54, 

plasmid pCP51 was digested with Tth111I. Plasmid pAV164 (kindly provided by S. Liebman) 

carries the yeast wild-type 9 kb rDNA unit and served as source of yeast rDNA. For in vitro 

mutagenesis a 2675bp SacII/MluI fragment of the rDNA unit was first subcloned resulting in 

plasmid pPK481 (13). Mutations in the 25S rDNA were introduced into pPK481 by site-

directed mutagenesis using primers 25S-Mut1/25S-Mut2 resulting in plasmid pPK615 

(A645T). The mutagenized SacII/MluI fragment from pPK615 was inserted in pAV164 by 

replacing the wild type SacII/MluI fragment resulting in plasmid pPK618 (A645T). All 

plasmids were verified by sequencing.Supplementary Methods 

 

Yeast strain constructions 

All strains used in this study (see Table S1 for Yeast strains) except Nop56-mRFP are 

isogenic to CEN.PK2 (1). For PCR mediated deletion of open reading frames the loxP-

SpHIS5-loxP gene disruption cassette was amplified with the appropriate primers and 

plasmid pUG27 as template (2). For amplification of the RRP8 deletion cassette primers 

MB1 and MB2 were used. All double mutants were constructed by mating of single mutants 

and sporulation of resulting diploids followed by tetrad dissection. 

 

The Rrp8-G209R and Rrp8-G209A point mutations (rrp8-G209R, rrp8-G209A) were 

introduced into the genome with the “delitto perfetto” method (4). Therefore the disruption 

cassette was amplified with primers Core-S1 and Core-S2 and integrated into the RRP8 

open reading frame within in wild-type strain CEN.PK2. Replacement of the marker cassette 
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was performed after tetrad dissection using the oligonucleotides IRO-G228R1 and IRO-

G228R2 (rrp8-G209R) or IRO-G228A1 and IRO-G228A2 (rrp8-G209A). The dsDNA 

obtained after hybridization was transformed into a haploid strain carrying the marker 

cassette. 5-FOA resistant transformants with the respective mutations were isolated. 

 

For creation of strains with GAR1 under translational control of the tc aptamer, an insertion 

cassette containing ScTDH3 promotor, 3 tc aptamers and a 3xHA epitope was amplified 

from plasmid pTDH3p-tc3-3xHA (5) with primers GAR1-Tc1 and GAR1-Tc2 and integrated 

upstream of the GAR1 open reading frame in the wild-type CEN.PK2. 

 

Complete deletion of yeast chromosomal rDNA repeats in CEN.PK strains were obtained as 

described previously (3). Strain CEN.PK920-1C carrying the complete deletion of the 

chromosomal rDNA repeats and expressing one copy of the rDNA cluster from the high-copy 

number plasmid (URA3, LEU2d) pRDN-hyg1. To exchange plasmid pRDN-hyg1 strain 

CEN.PK920-1C was transformed with high copy plasmids (TRP1, LEU2d) carrying the wild-

type rDNA (pAV164) or mutant rDNA (pPK618), respectively. Strains were cured of plasmid 

pRDN-hyg1 by selection on 5-FOA medium, finally resulting in strains CEN.PK968-1C 

(pAV164, wild-type) and CEN.PK1066-1C (A645T), resp. 

 

Plasmid constructions 

For cellular localization of GFP-fusion proteins the RRP8 open reading frame was amplified 

using the primers RRP8-GFP-S1, RRP8-GFP-S1 and genomic DNA of CEN.PK2 as the 

template. The PCR product was introduced into the SalI digested plasmid pUG34 (kindly 

provided by H. Hegemann) using the gap-repair method described previously (6), resulting in 

plasmid pKO1. Construction of the plasmids pUG34 carrying the Rrp8-G209R mutation 

(pKO10) and the Rrp8-G209R mutation (pKO11) was performed using primers RRP8-GFP-

S1, RRP8-GFP-S2 and genomic DNA of CEN.CP6-2A or CEN.CP10-2A as the template and 

the described cloning strategy. This method was also used to construct the plasmids for 

6xHIS-Rrp8 (pKO2), 6xHIS-Rrp8-G209R (pCP55) and 6xHIS-Rrp8-G209A (pCP56) 

expression and multi-copy plasmids with wild-type or truncated GAR1 version under control 

of the own promoter and terminator. Genomic DNA of CEN.PK2 was used as the template. 

Primers 591-RRP8-GAP-FP and 591-RRP8-GAP-RP were used for construction of pKO2, 

pCP55 and pCP56. The PCR fragment was introduced into a BamHI digested pPK591 

plasmid (P. Kötter unpublished data) that allows IPTG induced expression of the respective 

Rrp8 version under the control of T7 promoter and terminator. For wild-type or truncated 

GAR1 versions the following primer combinations were used for amplification reactions and 

plasmid constructions: pCP51 (GAR1), primers GAR1-GAP-FP and GAR1-GAP-RP; pCP54 

(!GAR1), primers Dgar1-GAP-FP1 and GAR1-GAP-RP; pCP52 (GAR1!), primers GAR1-
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GAP-FP and Dgar1-GAP-RP1; pCP53 (!GAR1!), primers Dgar1-GAP-FP1 and Dgar1-

GAP-RP1. For construction of pCP51, plasmid pRS426 (7) was digested with SalI prior to 

the homologous recombination reaction. For construction of pCP52, pCP53 and pCP54, 

plasmid pCP51 was digested with Tth111I. Plasmid pAV164 (kindly provided by S. Liebman) 

carries the yeast wild-type 9 kb rDNA unit and served as source of yeast rDNA. For in vitro 

mutagenesis a 2675bp SacII/MluI fragment of the rDNA unit was first subcloned resulting in 

plasmid pPK481 (3). Mutations in the 25S rDNA were introduced into pPK481 by site-

directed mutagenesis using primers 25S-Mut1/25S-Mut2 resulting in plasmid pPK615 

(A645T). The mutagenized SacII/MluI fragment from pPK615 was inserted in pAV164 by 

replacing the wild type SacII/MluI fragment resulting in plasmid pPK618 (A645T). All 

plasmids were verified by sequencing. 
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Supplementary Tables 

 

Table S1. Yeast strains 

 

Strain Genotype Origin 
CEN.PK2 MATa/! ura3-52/ura3-52 trp1-289/trp1-289 leu2-

3,112/leu2-3,112 his3"1/his3"1 MAL2-8C/ MAL2-8C 
SUC2/SUC2 

(1) 

CEN.PK2-1C MATa ura3-52 trp1-289 leu2-3,112 his3"1 MAL2-8C 
SUC2 

(1) 

Nop56-mRFP MAT! his3!1 leu2!0 lys2!0 ura3!0 met15!0 NOP56-
mRFP-KanMX6 

(8) 

CEN.MB678-2A MATa ura3-52 trp1-289 leu2-3,112 his3"1 MAL2-8C 
SUC2 rrp8(788-895)::loxP-SpHIS5-loxP 

This work 

CEN.MB678-2C MAT! ura3-52 trp1-289 leu2-3,112 his3"1 MAL2-8C 
SUC2 rrp8(788-895)::loxP-SpHIS5-loxP 

This work 

CEN.CP56-2D MATa ura3-52 trp1-289 leu2-3,112 his3"1 MAL2-8C 
SUC2 gar1:: (-99,3)loxP-kanMX4-loxP-TDH3p-tc-3xHA 

This work 

CEN.CP61-6B MATa ura3-52 trp1-289 leu2-3,112 his3"1 MAL2-8C 
SUC2 gar1:: (-99,3)loxP-kanMX4-loxP-TDH3p-tc-3xHA 
rrp8(788-895)::loxP-SpHIS5-loxP 

This work 

CEN.CP6-2A MATa ura3-52 trp1-289 leu2-3,112 his3"1 MAL2-8C 
SUC2 rrp8(G625C) 

This work 

CEN.CP10-2A MATa ura3-52 trp1-289 leu2-3,112 his3"1 MAL2-8C 
SUC2 rrp8(G626C) 

This work 

CEN.PK920-1C MATa ura3-52 trp1-289 leu2-3,112 his3"1 MAL2-8C 
SUC2 ""rdn::pNOY455 + pRDN-hyg1 

(3) 

CEN.PK968-1C MATa ura3-52 trp1-289 leu2-3,112 his3"1 MAL2-8C 
SUC2 ""rdn::pNOY455 + pAV164 

(3) 

CEN.PK1066-1C MATa ura3-52 trp1-289 leu2-3,112 his3"1 MAL2-8C 
SUC2 ""rdn::pNOY455 + pPK618 (A645T) 

This work 
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Table S2. Oligonucleotides 

Oligonucleotide Sequence 
RRP8-F2 ATAACTGTGGCAGATATTAGAAATGTGCCGCTACCAGATGCAG

CTGAAGCTTCGTACGC 
RRP8-R2 TCATTACCTTTGCCGTCACTAAACCTTGATTTAATTTCTGGCAT

AGGCCACTAGTGGATCTG 
GAR1-Tc1 GCCACGGAAGCCGCCACGGCCACCTCTATTACCTCCTCTGAA

ACTAAGCTTCGTACGAGCGTAATC 
GAR1-Tc2 GTGAAAAATTTTTCGAGATGAGGAAAGGAAGAAAAAATTAATTT

GGCATAGGCCACTAGTGGATCTG 
CORE-S1 TAAGGATAGTAAAGAAATAGTTATTGCTGATATGGGGTGTGGG

AGCTCGTTTTCGACACTGG 
CORE-S2 TTTGAAAAAATTGTTGATTTCTAATGCTAATTGAGCTTCATCCTT

ACCATTAAGTTGATC 
IRO-G228R1 AGGTCTTAAGGATAGTAAAGAAATAGTTATTGCTGATATGGGGT

GTCGTGAAGCTCAATTAGCATTAGAAATCAACAATTTTTTCAAA
AATTACA 

IRO-G228R2 TGTAATTTTTGAAAAAATTGTTGATTTCTAATGCTAATTGAGCTT
CACGACACCCCATATCAGCAATAACTATTTCTTTACTATCCTTA
AGACCT 

IRO-G228A1 AGGTCTTAAGGATAGTAAAGAAATAGTTATTGCTGATATGGGGT
GTGCTGAAGCTCAATTAGCATTAGAAATCAACAATTTTTTCAAA
AATTACA 

IRO-G228A2 TGTAATTTTTGAAAAAATTGTTGATTTCTAATGCTAATTGAGCTT
CAGCACACCCCATATCAGCAATAACTATTTCTTTACTATCCTTA
AGACCT 

25S-Mut1 CTCCTTGGTCCGTGTTVCAAGACGGGCGGC 
25S-Mut2 CGCCCGTCTTGBAACACGGACCAAGGAGTC 
Oligo645 CACTCGCATAGACGTTAGACTCCTTGGTCCGTGTTTCAAGACG

GGCGG 
Oligo2142 CTGACCATCGCAATGCTATGTTTTAATTAGACAGTCAGATTCCC

CTTG 
GAR1-GAP-FP TCACTATAGGGCGAATTGGGTACCGGGCCCCCCCTCGAGTGG

TTGCATGTGATGGACCC 
GAR1-GAP-RP GGCGGCCGCTCTAGAACTAGTGGATCCCCCGGGCTGCAGGG

AAGGTCGACAAGTTATCAC 
Dgar1-GAP-FP1 AAAAGATCACCTGAGGATAATTTTTAACCAAAAGAAAATAATGA

CAGGCAGTGCTAGATCATTTC 
Dgar1-GAP-RP1 GATAAAGGATGGTTTTTTTTTTTATTTTTTTCTAGCTAGATTATG

GGGCACCACTTCTCTTCTTC 
RRP8-GFP-S1 GCTGCTGGTATTACCCATGGTATGGATGAATTGTACAAAATGG

CCTTATTTAACGTAGA 
RRP8-GFP-S2 GGCGTGAATGTAAGCGTGACATAACTAATTACATGACTCGTTAT

CTTCTTTTATAAATAC 
591-RRP8-GAP-FP GAAGATAACGATATCATTGAGGCCCATCGTGAACAGATTGGTG

GTATGGCCTTATTTAACGTAGAAG 
591-RRP8-GAP-RP AGCAGCCAACTCAGCTTCCTTTCGGGCTTTGTTAGCAGCCGGA

TCTTATCTTCTTTTATAAATAC 
ITS1 GATTGCTCGAATGCCCAAAG 
C2/C1 CGCCTAGACGCTCTCTTCTTA 
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ABSTRACT

The 25S rRNA of yeast contains several base modi-
fications in the functionally important regions. The
enzymes responsible for most of these base modi-
fications remained unknown. Recently, we identified
Rrp8 as a methyltransferase involved in m1A645
modification of 25S rRNA. Here, we discovered a
previously uncharacterized gene YBR141C to be re-
sponsible for second m1A2142 modification of helix
65 of 25S rRNA. The gene was identified by reversed
phase–HPLC screening of all deletion mutants of
putative RNA methyltransferase and was confirmed
by gene complementation and phenotypic charac-
terization. Because of the function of its encoded
protein, YBR141C was named BMT2 (base methyl-
transferase of 25S RNA). Helix 65 belongs to domain
IV, which accounts for most of the intersubunit
surface of the large subunit. The 3D structure
prediction of Bmt2 supported it to be an Ado Met
methyltransferase belonging to Rossmann fold
superfamily. In addition, we demonstrated that the
substitution of G180R in the S-adenosyl-L-methio-
nine–binding motif drastically reduces the catalytic
function of the protein in vivo. Furthermore, we
analysed the significance of m1A2142 modification
in ribosome synthesis and translation. Intriguingly,
the loss of m1A2142 modification confers aniso-
mycin and peroxide sensitivity to the cells. Our
results underline the importance of RNA modifica-
tions in cellular physiology.

INTRODUCTION

The non-coding RNAs (ncRNAs) undergo extensive
modification to extend their topological potential, which

otherwise is limited by four bases (1). These four bases are
sufficient to carry the genetic information. However, when
it comes to the extra-hereditary functions like catalysis
and gene regulation, the nucleic acids pool is insufficient
compared with amino acids pool. The chemical modifica-
tions provide RNA the necessary complexity and flexi-
bility to perform more sophisticated processes like
translation and gene regulation (2). The RNA is broadly
subjected to two types of modification, either methylation
of sugar moieties and bases or isomerization of uridine to
pseudouridine.

There are >100 structurally distinct ribonucleosides
that have been identified in all three domains of life
(http://rna-mdb.cas.albany.edu/RNAmods/) (3). Many
modified nucleosides are conserved throughout bacteria,
archaea and eukaryotes, whereas some are unique to each
branch of life (4). Most of RNA modifications are not
essential for life, which parallels the observation that
many well-characterized protein and DNA modifications
are also not essential for life (2). Instead, increasing
evidence indicates that RNA modifications can play regu-
latory roles in cells, especially in response to stress condi-
tions (2). Recent studies, especially with the tRNA and
mRNA modification, have accentuated the significance
of these modifications in the gene regulation and
stress signalling (3,5).The regulatory RNAs, including
microRNA (miRNA), Piwi-interacting RNA (piRNA)
and small interfering RNA (siRNA), have also been dis-
covered to contain modified nucleosides (6,7). The
mRNAs, which were until known to contain only m7G
nucleosides, have been recently demonstrated to contain
other modified bases like m6A (8–10).

To further analyse and explore the function of rRNA
modification in the cellular physiology, it is important to
identify the respective RNA-modification enzymes. In
contrast to 20-O-ribose methylations and pseudouridyla-
tion, which are performed by C/D and H/ACA
snoRNPs, respectively, many of the RNA-modification
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enzymes of eukaryotes responsible for catalysing the base
modification are still unknown. Most of the currently
known base modification enzymes are essential; however,
others escape from genetic analysis, as deletion mutants
only provide moderate phenotypes. Therefore, identifica-
tion of base methyltransferase requires sophisticated
genetic and biochemical analysis.

RNA base modifications are the result of processing of
corresponding primary transcripts by snoRNA-independ-
ent enzymes. A number of enzymes and pathways that cata-
lyse post-transcriptional RNA modifications have been
studied for many years and extensively reviewed previously
(2). RNA methyltransferases catalyse the transfer of the
reactive methyl group of the S-adenosyl-L-methionine
(SAM) to an acceptor residue in rRNA. Five classes
of methyltransferases with structurally distinct folds
have been described to perform the methyltransferase
reaction (11). All known rRNA methyltransferases
belong to class I or class IV. The majority of the known
RNA methyltransferases belonging to class I are charac-
terized by a Rossmann-like fold SAM-binding domain
(11). The methyltransferases belongings to class IV are
characterized by an a/b knot structure or SPOUT
domain. Recently, the SPOUT domain methyltransferases
have also been shown tomethylate ribosomal proteins (12).

Ribosomes are supramolecular complexes of RNA and
proteins, responsible for translation of genetic informa-
tion. Ribosomes consist of two subunits, a small 40S
and a large 60S subunit, named according to their sedi-
mentation coefficient. The 40S subunit decodes the genetic
information carried on an mRNA transcript and the
larger 60S subunit catalyses the formation of peptide
bond. Ribosomes are also known as ‘ribozymes’, as the
decoding and peptidyl transferase functions are carried
out by the non-coding RNAs (ncRNAs) they harbour
(13,14). The 18S and 25S rRNA of small and large
subunits has been reported to undergo different chemical
modifications to optimize their role in translation of
genetic information, which demands high fidelity and
structural complexity. The clustering of these modifica-
tions in highly conserved areas of the ribosome like
peptidyl transfer sites and intersubunit bridges emphasizes
their importance in the functioning of ribosomes (15,16).

The 18S rRNA primarily contains the pseudouridyla-
tion and ribose methylation catalysed by H/ACA
snoRNPs and C/D box snoRNPs, respectively. Apart
from these modifications, there are also three base modi-
fications present in the 18S rRNA, the m7G catalysed by
Bud23, the m2

6A catalysed by Dim1 and m1! catalysed by
Nep1 (17–19). On the other hand, apart from 20-O-ribose
methylation and pseudouridylation, the 25S rRNA has
been reported to contain more diversity in terms of base
modifications. The 25S rRNA contains seven modified
nucleosides: two m1A, one m5C, two m5U and two m3U
(15,20–23). We recently discovered Rrp8 to be one of the
two m1A modification enzyme, catalysing the transfer of
methyl group to the N1 of adenine at position 645 in helix
25.1 of Saccharomyces cerevisiae (24).

In the present study, we reported the identification of a
new gene YBR141C [BMT2, (base methyltransferase of
25S RNA)] responsible for m1A2142 base modification

of helix 65 in 25S rRNA of S. cerevisiae. The gene was
identified by screening of all deletion mutants of putative
RNA methyltransferase and was confirmed by gene
complementation and phenotypic characterization.
Furthermore, we analysed the significance of the modifi-
cation in growth, antibiotic sensitivity and translation.
Interestingly, the deletion mutant of Dybr141c was previ-
ously described to confer a cold resistance, an extended
hibernating life span and peroxide sensitivity (25). In our
present study, we corroborated the previously described
phenotypes of the YBR141C and provided evidences
for the role of m1A modifications in conferring these
phenotypes.

MATERIALS AND METHODS

Yeast strains and plasmids

The strains used in the present study are listed in
Supplementary Table S1. The plasmids were constructed
using Gap repair as described previously (26,27) and are
listed in Supplementary Table S2.The PCR primers used
for the construction of the plasmids are listed in Table S3.
The rDNA point mutants were constructed as described
previously (18). The substitutions of amino acids were
performed by PCR-mediated site-directed mutagenesis
using the primers listed in Supplementary Table S2.
A detailed protocol for construction of all plasmids will
be provided on request.

Growth conditions and yeast media

Yeast strains were grown at 30!C in YPD medium
(1% yeast extract, 2% peptone and 2–4% glucose) or in
synthetic dropout medium (0.5% ammonium sulphate,
0.17% yeast nitrogen base and 2–4% glucose). For serial
dilution growth assays, yeast cells were grown overnight in
YPD medium and diluted to an OD600 of 1 followed by
1:10 serial dilutions. From the diluted cultures, 5 ml was
spotted onto YPD plates and incubated at 30!C or 19!C.
For the antibiotic analysis, 5 ml of paromomycin solution
(200mg/ml) and anisomycin (20 mg/ml) was spotted on
filter discs, which were then placed on YPD plates con-
taining the strains to be tested. The H2O2 sensitivity
analysis was performed exactly as described previously
(28). The overnight culture of the yeast was inoculated
to a starting OD600 of 0.1 with YPD. The 9.79M stock
solution of H2O2 was diluted with phosphate-buffered
saline (1.5mM KH2PO4, 2.7mM Na2HPO4 and
155.1mM NaCl, pH 7.2), and culture was exposed to
0 and 5mM H2O2 for 2 h at 30!C. After growth, the
cultures were diluted 1000 times with 1" phosphate-
buffered saline, and 100 ml of each was plated in duplicates
on YPD and incubated for 48 h at 30!C. Colonies were
then counted, and the cell survival rates were determined
based on the comparison with the number of colonies
formed by strain when not exposed to H2O2.

Sucrose gradient analysis

The ribosomal subunits were separated using sucrose
gradient centrifugation. The yeast strains were grown in
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YPD medium (100ml) at 30!C to early logarithmic phase
(OD600=1.0) and harvested at 4!C into two 50-ml falcon
tubes. The cells were washed twice with 10ml of buffer B
(50mM Tris–HCl, pH 7.4, 50mM NaCl and 1mM freshly
added DTT). The washed cells were then suspended in
0.5ml of buffer B and were lysed by vortexing with
equal volume of glass beads. After the lysis, 500 ml of
buffer B was added to the lysates. Two centrifugation
steps at 3000 g followed by 10 000 g for 15 min, respect-
ively, were used to clarify the lysates. Equivalent amounts
of absorbing material were layered on a 20–50% (w/v)
sucrose gradient in buffer B. The gradient was made
using Gradient Master 107 (Biocomp). The samples were
then centrifuged at 24 500 g for 17 h at 4!C in an SW40
rotor using Beckman ultracentrifuge (L-70: Beckman).
The gradients were fractionated in an ISCO density
gradient fractionar, and the absorbance profile at 254 nm
was analysed in ISCO UA-5 absorbance monitor.
The polysome profiles were performed on 10–50% gra-

dients in polysome buffer A (20mM HEPES, pH 7.5,
10mM KCl, 1.5mM MgCl2, 1mM EGTA and 1mM
DTT). Before processing the cell for lysate formation,
the cycloheximide was added to the final concentration
of 100mg/ml to a 100ml YPD culture (OD600=1.0).
The cells were then washed and processed exactly as
described for subunit profiles. The 10 OD254 units of the
cell lysates were layered on the gradients and were then
subjected to ultracentrifugation in an SW40 Ti rotor
(Beckman Coulter, Inc.) for 17 h at 19 000 g and 4!C.

RNA extraction and northern hybridization

For northern blot analysis, RNA was prepared by phenol/
chloroform extraction as previously described (29). Ten
micrograms of total RNA was separated on a 1%
agarose gel in 1" TAE supplemented with 6.66% formal-
dehyde and transferred to a positively charged nylon
membrane (Hybond N+, GE Healthcare) using capillary
blotting. Fifty picomoles of the corresponding oligo-
nucleotides (Supplementary Table S3) was radioactively
labelled at the 50-end using 6 ml of g-[32P]ATP
(#3.3 pmol/ml, Hartmann-Analytics) and 1 ml of T4 poly-
nucleotide kinase (Roche) in the supplied buffer for 1 h at
37!C and purified with G-25 column. Hybridization was
done in 15ml of hybridization buffer (GE Healthcare)
overnight at 42!C, and signals were visualized by
phosphoimaging using a Typhoon 9400 (GE Healthcare).

Preparation of 25S ribosomal RNA

After the sucrose gradient centrifugation, the fractions
corresponding to 60S subunits were collected with the
Density Gradient Fractionation System (Teledyne Isco)
and precipitated with 2.5 volume of 100% ethanol at
$20!C for 16 h. Precipitated 60S subunits were dissolved
in water, and 25S rRNA was purified using the RNeasy
Kit (QIAGEN).

Reversed phase–high performance liquid chromatography

For reversed phase (RP)–HPLC analysis of base modifi-
cations, 70 mg of 25S rRNA was digested to nucleosides by
nuclease P1 and alkaline phosphatase. The hydrolysate

was analysed by HPLC according to the method described
earlier in the text (30). Nucleosides were analysed by
RP–HPLC on a Supelcosil LC-18-S HPLC column
(25 cm" 4.6mm, 5 mm) equipped with a pre-column
(4.6" 20mm) at 30!C on an Agilent 1200 HPLC system.
For mass spectrometry analysis, nucleosides were col-
lected from four HPLC experiments and desalted twice
with a Zorbax Eclipse XDB-C18 column (Agilent;
4.6" 150mm, 5 mm) using 5mM ammonium acetate, pH
6.0, with a flow rate of 0.5ml/min. After buffer evapor-
ation, samples were resolved in water and applied to
MALDI mass spectrometry on a VG Tofspec (Fisons
Instruments) in the negative ion mode.

Mung bean nuclease protection assay

The nuclease protection assay was performed exactly as
described previously. Specific sequence of the 25S rRNA
was isolated by hybridization to complementary (25S-645
and 25S-2142) deoxyoligonucleotides following a protocol
previously described with slight modifications (31).
Thousand picomoles of the synthetic deoxy-
oligonucleotides complementary to C633–G680 or
C2118–G2166 of yeast 25S rRNA was incubated with
100 pmol of total rRNA and 1.5 ml of DMSO in 0.3
volumes of hybridization buffer (250mM HEPES and
500mM KCl, pH 7.0). After hybridization, mung bean
nuclease and 0.02 mg/ml RNase A (Sigma-Aldrich) were
added to start the digestion. Before the separation of the
samples on a 13% polyacrylamide gel containing 7M
urea, they were extracted once with phenol/chloroform
and precipitated as described. Bands were extracted
using the D-TubeTM Dialyzers according to the manufac-
turer’s protocol for electroelution (Novagen!).

Primer extension

Primer extension analysis was carried out following the
published protocol with some modifications (32). Ten
picomoles of the DNA primer GCACTGGGCAGAAA
TCACATTGCG, complementary to the positions
2178–2201 of 25S rRNA, was 32P-50-terminally label-
led by incubation in the final volume of 40 ml with
50 mCi g- [32P] ATP and 20U of polynucleotide kinase in
a 2 ml polynucleotide kinase buffer (Fermentas). Reaction
was incubated at 37!C for 30 min and then stopped by
incubation for 2 min at 90!C. The reaction mixture was
then purified using Roche columns (11814419001) to get
rid of free g- [32P] ATP.

An extension reaction premix contained 6 ml of water,
2 ml of dNTP mix (10 mM dGTP, 10 mM dATP, 10 mM
dTTP and 10 mM dCTP), 6 ml of RNase-free water
and 1ml (10U) of Superscript III reverse transcriptase
(Invitrogen) per reaction. Fourteen microlitres of the
pre-mix was added to the reaction tube with
the annealed primer/RNA complex. Samples were
incubated at 42!C for 30 min. After incubation, the
RNA was precipitated using 3M sodium acetate, pH
5.2, and 100% ethanol, followed by a washing step
with 70% ethanol. After complete removal of supernatant
and air-drying of the tubes for 2–3min, the pellets
were resuspended in 6 ml of formamide loading dye
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(Sambrook et al. 1989). We loaded 1 ml of the sample on to
the sequencing gel (Model S2, Biometra) and let it run till
the phenol blue dye reached the bottom of the gel. The gel
was transferred to Whatman 3MM paper, dried and
exposed on a phosphoimager screen. The screen was
scanned using Typhoon 9400 (GE) using the Storage
Phosphor acquisition mode with Red (633 nm) laser.

Western blot analysis of Bmt2-7xHis

Cell extract from the Dbmt2 strain harbouring a plasmid
pSH20 carrying heptahistidine-tagged Bmt2 was prepared
using glass beads. Fifty micrograms of total protein from
each sample was separated with 12% sodium dodecyl
sulphate polyacrylamide gel and blotted on a PVDF
membrane (Millipore). The membrane was blocked with
5% non-fat dry milk, and the tagged protein was detected
with anti-His monoclonal antibody (Roche; 1:1000
dilution) followed by anti-mouse IgG-conjugated horse-
radish peroxidase (Bio-Rad; 1:10 000 dilution).

Protein localization

The plasmid pSH18 encoding GFP–Bmt2 fusion protein
was constructed using pUG35 plasmid (EUROSCARF).
The plasmid pSH18 was then transformed in a strain
containing a gene encoding for ScNop56-mRFP. The
transformants carrying plasmid were grown to mid-
logarithmic phase in synthetic medium lacking uracil at
30!C. The GFP-fused Bmt2 was visualized using a Leica
TCS SP5. The RFP-fused Nop56 was used as reference
for nucleolar localization.

Bioinformatic analysis

The 3D structure prediction was carried out with amino
acid sequence of Bmt2 using a recent protocol (33). The
software used is available as a web-based tool. The
submitted sequence (query) was scanned against the
non-redundant sequence database. Five iterations of
PSI-BLAST were used to gather close and remote
sequence homologues. A profile from the multiple align-
ments was then constructed, which was followed by sec-
ondary structure prediction using Phyre:Psi-Pred13,
SSPro14 and Jnet15 (34–36). The output of each
program was predicted in three-states: a-helix (H),
b-strand (E for extended) and coil (C). A confidence
value for each position of the query for each of three sec-
ondary structures was assigned. All these confidence
values were then averaged, and a final prediction value
was displayed under the individual prediction.
DISOPRED software program was run to calculate a
two-state prediction of which regions of the query were
most likely to be structurally ordered (o) and which dis-
ordered (d) (37).

This profile and secondary structure was then scanned
against the fold library using a profile–profile alignment
algorithm (38). This alignment process generated a score
that was then used for ranking the alignments. E-values
were then generated using these scores. Full 3D models of
the query were generated using the top 10 highest scoring
alignments. The missing or inserted regions were repaired
using a loop library and reconstruction procedure.

Finally, side chains were placed on the model using a
fast graph-based algorithm and side chain rotamer library.

RESULTS

Mutants screening for the identification of
methyltransferase, catalysing m1A2142 modification

The 25S rRNA undergoes seven base modifications apart
from pseudouridylations and ribose methylations. These
modifications are performed by snoRNA-independent
enzymes, most of which remained elusive. We recently
identified Rrp8 as a methyltransferase responsible for
one of the two m1A base modifications (24). To find the
enzyme or enzymes responsible for m1A2142 modification,
we biochemically analysed deletion mutants of all
uncharacterized RNA methyltransferases (39).
The 25S rRNAs from these mutants were isolated and

processed for analysis of m1A modification by RP–HPLC
as described in ‘Materials and Methods’ section.
Intriguingly, the deletion mutant of YBR141C
(Dybr141c) showed a similar reduction in the m1A peak
as observed previously for rrp8DC mutant, where
compared with wild-type, the peak corresponding to
m1A reduces to half [Figure 1A (ii)].
To determine the nucleotide position at which the m1A

modification was missing in the Dybr141c mutant, a mung
bean nuclease protection assay was performed. Mung
bean nuclease is a single-strand–specific endonuclease,
which degrades single-strand extension from the ends of
RNA and DNA. However, the double-stranded nucleo-
tides are protected against the endonucleolytic cleavage,
and it is this property of the nuclease that was exploited to
discover the position of modified base in a Dybr141c
mutant. Synthetic oligonucleotides complementary to
nucleotides 633–680 (Oligo-645) and 2118"2166
(Oligo-2142) were designed corresponding to the
position 645 and 2142 (24) (Figure 2A). The 25S rRNA
isolated from Dybr141c and wild-type cells was hybridized
to these oligonucleotides and subjected to nuclease diges-
tion. Two independent experiments using the oligonucleo-
tides corresponding to two different m1A positions were
performed. Now, as only these fragments were protected
because of hybridization or double-stranded conform-
ation, both m1A modifications could be separated and
addressed independently (Figure 2A). These protected
RNA–DNA hybrid fragments were then separated from
the rest of the debris and from each other using 8M-urea
PAGE gels. The protected RNA fragments were eluted
from the gels using D-TubeTM Dialyzers according
to the manufacturer’s protocol by electroelution
(Novagen!).
The eluted fragments were next analysed for the status

of m1A modification. As expected, in the wild-type cells
the m1A modification was present in both fragments cor-
responding to the m1A645 and m1A2142 [Figure 2B (i and
ii)]. However, in the Dybr141c mutant, the m1A modifica-
tion from the m1A2142 fragment was missing highlighting
the involvement of Ybr141 in m1A2142 modification
[Figure 2B (iii and iv)].
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To further augment the role of Ybr141 in m1A2142
modification, a Dybr141cDrrp8 double mutant strain
(BY.PK1033-6D) was constructed. The 25S rRNA from
the double mutant was isolated and processed for the m1A
modification analysis using the RP–HPLC. As expected
and illustrated in the Figure 3A, the peak corresponding
to the m1A modification disappeared completely from the
25S rRNA of the double mutant, confirming again Rrp8
and Ybr141 involvement in m1A645 and m1A2142 modi-
fications, respectively (24).

The 25S rRNA point mutants and primer extension

To corroborate the position of m1A2142 modification and
analyse the significance of the modification at this
position, rRNA point mutants were created, where the
A2142 of 25S rRNA was exchanged with U, C and
G.For this analysis, we used a plasmid-borne copy of
35S rDNA transcribed under the native promoter in a
strain where the genomic rDNA was deleted. The

mutated 25S rRNA was expressed from plasmids
pPK622, pPK623 and pPK624 corresponding to
A2142C, A2142U, A2142G mutants, respectively. The
wild-type 25S rRNA was expressed from the pAV164
plasmid. The 25S rRNAs from these mutants were
isolated as described previously and processed for the
RP–HPLC analysis. As evident in the Figure 3C, the
amount of m1A peak reduces to half when the base
A2142 was changed to C, G or U, thus validating the
position of the modification. Primer extension analysis
using the 25S rRNA from the wild-type and Dybr141c
mutant strain was also performed. The methylation of
N1 of adenine disrupts the Watson–Crick base pairing
and, therefore, should result in a strong stop in the
primer extension analysis (40,41). As evident in the
Figure 3B, this was indeed the case. A strong stop at
position 2142 was observed in case of 25S rRNA of
wild-type, whereas this stop was missing in the 25S
rRNA derived from the Dybr141c mutant strain.

Figure 1. Identification of the m1A2142 methyltransferase of 25S rRNA in S. cerevisiae. The 25S rRNA from the mutant and the isogenic wild-type
was digested to nucleosides using P1 nuclease and alkaline phosphatase. Nucleosides from the wild-type and the Dybr141 mutant were analysed by
RP–HPLC. (A) Chromatogram from the wild-type (i) and Dybr141 mutant (ii). The peak corresponding to the m1A with a retention time of !10 min
reduces to half in the Dybr141 mutant. (B) Chemical structure of the N1-methyl adenosine (m1A). (C) Secondary structure of Helix 65 with the m1A
and pseudouracil (!) modifications (http://www.rna.icmb.utexas.edu/). (D) Cartoon representing the helix 65 of 25S rRNA. The modified base A2142
is shown as spheres. The cartoon was made using PyMol software (PyMOL Molecular Graphics System, Version 1.2r3pre, Schrödinger, LLC) with
PDB file 3U5D.pdb.
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Figure 2. Mung bean nuclease protection assay. (A) Schematic representation of the Mung bean nuclease protection assay used in the present study
for the identification of the position of modified m1A nucleoside in the Dybr141 mutant. (B) RP–HPLC chromatogram of the nucleosides derived
from the protected RNA fragments. Specific sequences of the 25S rRNA from wild-type [B (i) helix 25.1] and [B (ii) helix 65] and Dybr141mutant [B
(iii) helix 25.1 and B (iv) helix 65] were isolated by hybridization to complementary deoxyoligonucleotides (Oligo645 and Oligo2142) followed by
mung bean digestion. The RP–HPLC analyses with these fragments were then performed. The peak corresponding to m1A from helix 65 disappears
in Dybr141 mutant.
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Figure 3. RP–HPLC analysis of 25S rRNA nucleosides from the double mutant Drrp8Dbmt2 and rRNA point mutants. (A) Overlaid RP–HPLC
chromatogram of the nucleosides derived from the 25S rRNA of Drrp8Dbmt2 mutant (black) and wild-type (red). The Drrp8Dbmt2 contains no m1A
nucleosides, validating the specific involvement of these two methyltransferases in the m1A modification of 25S rRNA at position 645 and 2142.
(B) Primer extension gel. The 25S rRNA from the wild-type and Dbmt2 mutant was isolated using sucrose gradient centrifugation and was analysed
for the m1A modification using primer extension with the primer 25S-A2142. The N1 methylation of adenine blocks the Watson–Crick pairing and
leads to a strong stop. A strong stop signal indicates the presence of methylation at position 2142. A strong stop at a position 2142 was observed
from the 25S rRNA of the wild-type, whereas this stop was missing from the 25S rRNA of Dbmt2 mutant, assigning the position of the modification
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Once, it became obvious that Ybr141 is the protein
involved in the base modification at A2142 of 25S
rRNA, we decided to name the gene YBR141c as BMT2.

Bmt2 is predicted to be a Rossmann-like fold
methyltransferase

The amino acid sequence comparisons have already pre-
dicted Bmt2 to be a Rossmann-like fold methyltransferase,
which is characterized by a central seven-stranded b-sheet
that is flanked by three helices on each side. Class I
methyltransferases modify a wide variety of substrates,
including nucleic acids and proteins. Additional recogni-
tion domains in many of these enzymes are responsible for
substrate specificity. HHpred analysis for the comparison
at family level revealed that Bmt2 is indeed related to a
large RFM superfamily characterized by proteins whose
catalytic domains comprise a seven-stranded b-sheets
surrounded by helices.

We also performed further bioinformatic analysis for
the 3D structure prediction of Bmt2 using a recently
described protocol of Kelley and Sternberg (33). The 3D
structure was constructed with sequence coverage of 52%,
where 174 residues (52% of Bmt2 amino acid sequence)
were modelled with 99.3% confidence by the single highest
scoring template. Supplementary Figure S1 shows the
cartoon of the predicted 3D structure of Bmt2. This
model further supported Bmt2 to be an Ado Met methyl-
transferase with the characteristic b-sheets surrounded by
helices belonging to Rossmann fold superfamily.

As far as the conservation of the Bmt2 is concerned, our
searches of the non-redundant sequence database at
the NCBI using PSI-BLAST revealed that the Bmt2
orthologues are conserved in members of lower eukary-
otes. The members of archaea and bacteria did not show
any amino acid sequence conservation with respect to the
Bmt2 (data not shown).

Cellular localization and pre-ribosomal association of
Bmt2 (Ybr141)

Bmt2 was previously shown in a high-throughput analysis
to localize in the nucleolus (42). To validate the nucleolar
localization, a plasmid pSH18 expressing Bmt2–GFP
fusion was transformed into a strain where Nop56, a nu-
cleolar protein, was expressed as a RFP fusion protein.
The cells expressing the fusion protein were visualized
with the help of a confocal Leica TCS SP5 microscope.
Bmt2 was localized in the nucleolus, indeed, which was in
complete consent with the previous study (Supplementary
Figure S2A).

Once, the nucleolar localization was confirmed, we next
analysed any ribosomal/pre-ribosomal association of
Bmt2. A plasmid pSH20 was constructed, where the
Bmt2 was fused C-terminally to a heptahistidine tag.

The fusion protein was placed and expressed under a
strong TDH3 promoter. This plasmid was then introduced
into a Dbmt2 strain and polysome profile from the trans-
formed strain was followed. The proteins from the col-
lected fractions were precipitated, and western blot
analysis demonstrated that the Bmt2 was associated with
the ribosomal subunits (Supplementary Figure S2B).
Because of its expression under a strong promoter, there
seemed to be diffusion or an unspecific association of the
Bmt2 with the 40S fractions.
A C-terminal genomic tagging of Bmt2 with HA

epitope was also performed, where the fusion protein
was expressed under a native promoter. However, the
lower expression level of the fusion protein made it diffi-
cult to detect a significant signal above the background.
Nevertheless, the nucleolar localization along with the
polysome profiles from the pSH20 plasmid carrying
heptahistidine-tagged Bmt2 exhibited clearly that Bmt2
associates with the pre-ribosomes to perform the modifi-
cation of m1A2142 of 25S rRNA. Interestingly, it was
shown previously that both m1A modification at
position 645 and 2142 are performed early during the
25S rRNA biogenesis (22). This is also in line with the
position of these modifications in the mature ribosomes.
Both m1A modification are buried deep into the ribosomal
structure and, therefore, should be performed early during
the 25S rRNA biogenesis, as these positions may not be
accessible to the methyltransferases in the mature 60S
subunit. The nucleolar localization and ribosomal associ-
ation of the Bmt2 further established this notion.

Episomally expressed Bmt2 catalyses m1A modification of
25S rRNA in vivo

To confirm the functionality of the Bmt2 expressed from
plasmid pSH20, we made RP–HPLC analysis with the
mutant Dbmt2 strain carrying pSH20 and pPK468
(empty) plasmid. As seen in Figure 4, the episomally ex-
pressed Bmt2 from pSH20 plasmid was able to perform
the m1A2142 modification in vivo and leads to an increase
in m1A peak area as compared with the Dbmt2 mutant
with an empty pPK468 plasmid. This clearly demon-
strated the functionality of episomally expressed Bmt2
(pSH20) and its involvement in performing the methyla-
tion of A2142.

G180R mutation in SAM-binding motif of Bmt2 abolishes
its catalytic function

To further corroborate the involvement of Bmt2 in per-
forming the N1-methylation of adenine 2142, we created
point mutation in the glycine180 (G180) residue of highly
conserved SAM-binding motif of Bmt2. The glycine 180
of Bmt2 corresponds to a highly conserved amino acid in
the motif 1 of SAM-binding domain, and a replacement of

Figure 3. Continued
to A2142. (C) RP–HPLC chromatogram from the rDNA point mutants corresponding to A2142 of 25S rRNA. The A2142 of 25S rRNA was
exchanged with U, C and G in a plasmid-borne copy of 35S rDNA transcribed under the native promoter in a strain where the genomic rDNA was
deleted. The mutated 25S rRNA was expressed from plasmids pPK622, pPK623 and pPK624 corresponding to A2142C, A2142U, A2142G mutants,
respectively. The wild-type 25S rRNA was expressed from the pAV164 plasmid. The peak corresponding to m1A reduces to half in the chromato-
gram of A2142C (ii), A2142G (iii) and A2142T (iv) compared with corresponding wild-type A2142 (iv).
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this conserved glycine with arginine residue was previously
shown to be essential for the catalytic functions for Hmt1
and Rrpr8 (24). Moreover, the bioinformatics analysis
with the software program (3DLigandSite) also predicted
glycine 180 of Bmt2 to be involved in SAM binding.
The point mutation was created on plasmid pSH20

carrying wild-type Bmt2 with heptahistidine tag, as the
expression of mutant allele could be easily analysed with
a western blot. The plasmid pSH20-G180R carrying the
point mutant was then transformed into the Dbmt2 strain,
and western blot signal as seen in Supplementary Figure
S3E showed that the mutant protein was expressed just
like the wild-type protein. We next checked the function-
ality of the point mutant protein in performing the
m1A2142 methylation. The 25S rRNA from the Dbmt2
strain carrying the mutant bmt2-G180R was isolated,
and an RP–HPLC analysis was made. As seen in
Supplementary Figure S3A, the G180R substitution dras-
tically reduced the catalytic function of the Bmt2 and
caused reduction of m1A2142 modification, observed as
a significant decrease in the m1A peak in the RP–HPLC
chromatogram. Intriguingly, compared with the Dbmt2
deletion mutant, the Dbmt2 mutant strain with pSH20-
G180R carried slightly more amount of m1A peak as
observed in the Supplementary Figure S3A. Therefore,
to analyse any residual activity of the mutant protein, an
RP–HPLC analysis of the 25S rRNA from Dbmt2Drrp8
double mutant with pSH20-G180R was performed.
Interestingly, as seen in the Supplementary Figure S3B,
we could observe a mild residual activity of mutant
protein. The mutant protein bmt2-G180R was able to
perform a slight amount of m1A modification in the 25S
rRNA. Interestingly during our previous analysis with
the Rrp8 point mutant G209R, we observed a similar
outcome, where the exchange of this conserved glycine

residue (G209R) in the motif 1 of SAM-binding domain
affected the SAM binding and catalytic activity of the
protein in a similar fashion (24).

Similarly, we also created the point mutations in the N-
terminal domain of the protein where we substituted G79R
and D116A. These mutants were also expressed like the
wild-type (Supplementary Figure S3D). Interestingly, the
substitution G79R did not disturb the catalytic function of
the protein, whereas the exchange of D116A completely
abolished the catalytic function of the protein
(Supplementary Figure S3C and D). Taken together, our
results demonstrated that Bmt2 methylate m1A of 25S
rRNA and the composition of SAM-binding motif are
essential for performing the modification.

Growth analysis and antibiotic sensitivity

Once, the enzyme responsible for m1A2142 was identified,
the effect of lack of this modification on the growth of
cells could be analysed. The rDNA point mutants could
also be used as a significant control for the analysis.
Surprisingly, as known for other modifications of the
rRNA, the deletion of the Bmt2 and rDNA point
mutants had also no growth phenotype when compared
with the wild-type at different temperatures 19!C, 30!C
and 37!C on YPD media (Figure 5A and B).

We previously showed that lack of m1A645 modifica-
tion makes the cells susceptible to paromomycin, which
was also evident with the rDNA mutants where the nu-
cleotide base at 645 position of 25S rRNA was changed
from A to U (24). Therefore, to analyse any structural
rearrangement, which might lead to antibiotic sensitivity
because of lack of m1A2142 modification, we analysed the
Dbmt2 mutant cells along with the rDNA mutants of helix
65 for the paromomycin and anisomycin antibiotic sensi-
tivity. Intriguingly, the loss of m1A2142 leads to a mild

Figure 4. In vivo methylation of m1A2142 by episomally expressed recombinant Bmt2. To confirm the functionality of episomally expressed Bmt2
and analyse the function of Bmt2 in methylating 25S rRNA at position 2142, the plasmid pSH20 and pPK468 was transformed in the Dbmt2 strain.
The 25S rRNA was isolated from the strains carrying these plasmids and processed for HPLC analysis. (A) RP–HPLC chromatogram of the Dbmt2
strain carrying pPK468 plasmid. (B) RP–HPLC chromatogram of the Dbmt2 strain harbouring pSH20 plasmid. It became apparent from the
chromatograms that the recombinant Bmt2 expressed from pSH20 plasmid was able to methylate the N1 of A2142 of 25S rRNA, as the area
corresponding to the m1A peak increases to almost double amount compared with strain carrying pPK468.
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anisomycin sensitivity, which was more pronounced in the
rDNA point mutants (Figure 5C). In contrast, the cells did
not show any paromomycin sensitivity (Figure 5C). The
antibiotic sensitivity analysis is an interesting tool to
analyse the ribosomal biochemistry, especially alteration
in structural rearrangement. The anisomycin sensitivity
illustrated that the absence of this modification influences
the conformation of the helix 65 and ribosomal RNA.

The helix 65 along with the m1A2142 modifications also
contains two other pseudouridylations at position 2129
and 2133 that are catalysed by Snr3 ribonucleoprotein
complex. To analyse the influence of these modifications
on growth and antibiotic sensitivity, we constructed a

deletion mutant of SNR3, in which both pseudouri-
dylations were abolished. Surprisingly, we observed
minor growth defect and anisomycin sensitivity for the
double mutant (data not shown).

Absence of m1A 2142 from helix 65 makes the cell
susceptible to hydrogen peroxide

Interestingly, it was recently shown that the deletion of
BMT2 leads to an extended hibernating life span and
peroxide sensitivity (25). We also performed H2O2 sensi-
tivity analysis with the Dbmt2 mutant along with the
rDNA point mutants. Intriguingly, as evident from the
Figure 6A, we could also observe that the Dbmt2 mutant
is indeed sensitive to the hydrogen peroxide. We also
quantified the sensitivity by calculating the percentage of
cell survival on exposure to a lethal concentration of
hydrogen peroxide (5mM) as described earlier in the
text (28). The Dbmt2 mutant cells were more prone to
peroxide as compared with the isogenic wild–type cells.
The cell survival rate on H2O2 exposure was !40%
lesser in the Dbmt2 mutant as compared with wild-type
(Figure 6B). Interestingly, the rDNA mutant exhibited
even stronger sensitivity to the peroxide (Figure 6B).
Our results clearly showed that the loss of the m1A modi-
fication at helix 65 makes the cells more susceptible to
hydrogen peroxide.

Influence of the lack of m1A2142 modification on
ribosomal processing and translation

Previous studies have demonstrated that the RNA-modi-
fication enzymes play an important role in the processing
of the ribosome biogenesis, where deletion or depletion of
the enzymes causes serious defects in the final 40S and 60S
amounts (24). Therefore, to analyse any such differences
in the amount of 40S and 60S subunits in the Dbmt2
mutants, we performed subunit analysis and compared
the amount of the 40S and 60S with the wild-type
as described in ‘Materials and Methods’ section. We did
not observe any significant differences between the
amounts of ribosomal subunits in the Dbmt2 mutant
compared with wild-type (data not shown), which was
also in accordance with our northern blot analysis,
where we did not observe any processing or precursors
defects (Figure 7B).
In several cases like Rrp8, Bud 23 and Spb1, the rRNA

modification plays an important role in the translation,
where deletion leads to a decrease in the translational po-
tential of cells observed by reduction in the polysome frac-
tions or leading to a subunit joining defects observed as
half-mer formation (24,43,44). To find any such transla-
tional defect, the polysome profiles from the Dbmt2
mutant along with the rDNA point mutants were made
and compared with the wild-type (Figure 7A and C).
Interestingly, the exchange of adenine at position 2142
to other bases, which eventually leads to lack of m1A
modification in the 25S rRNA, leads to the formation of
half-mers. Now, as there were no significant differences in
the amount of 60S subunits in the rDNA point mutants,
the half-mers formation in these mutants seemed to be the
result of subunit joining defects (Figure 7C). As the helix

Figure 5. Growth analysis and antibiotic sensitivity of the Dbmt2 and
rDNA point mutants. (A) Ten-fold serial dilutions of the wild-type and
Dbmt2 strains were spotted onto solid YPD plates and were incubated
at different temperatures. (B) Ten-fold serial dilutions of the strains
carrying 25S rRNA point mutants corresponding to A2142 of 25S
rRNA. The A2142 of 25S rRNA was exchanged with U, C and G in
a plasmid-borne copy of 35S rDNA transcribed under the native
promoter in a strain where the genomic rDNA was deleted. The
mutated 25S rRNA was expressed from plasmids pPK622, pPK623
and pPK624 corresponding to A2142C, A2142U, A2142G mutants,
respectively. The wild-type 25S rRNA was expressed from the
pAV164 plasmid. These strains were spotted onto solid YPD plates
and were incubated at different temperatures. (C) Anisomycin and
paromomycin sensitivity tests were performed by spotting 5 ml of
anisomycin (5 mg/ml) and paromomycin solution (200mg/ml) on filter
discs, which were then applied on YPD plates containing the strains
indicated.
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Figure 7. Polysome profile analysis of the Dbmt2 and 25S rRNA point mutants. Polysome profile analyses were performed to detect the translational
status of Dbmt2 (A, i) in comparison with its isogenic wild-type (A, ii). (B) Northern blot analysis of the Dbmt2 mutant. Ten micrograms of total
RNA was separated on a 1% agarose gel in 1!TAE supplemented with 6.66% formaldehyde and transferred to a positively charged nylon
membrane. The membrane was hybridized with radioactively labelled probes ITS1 (D-A2) and ITS2 (C2–C1). (C) Polysome profile analysis of
the 25S rRNA point mutants where A2142 of 25S rRNA was exchanged with U, C and G in a plasmid-borne copy of 35S rDNA transcribed under
the native promoter in a strain where the genomic rDNA was deleted. The mutated 25S rRNA was expressed from plasmids pPK622, pPK623 and
pPK624 corresponding to A2142C, A2142U, A2142G mutants, respectively. The wild-type 25S rRNA was expressed from the pAV164 plasmid.
Half-mers formations are indicated by asterisk.

Figure 6. Hydrogen peroxide sensitivity analysis. The Dbmt2 strain and the 25S rRNA point mutants along with their corresponding isogenic
wild-type were exposed to 5mM of H2O2 for 2 h. (A) Seven microlitres of undiluted and 10-fold serial dilutions from these exposed strains were
then spotted onto YPD plates, and growth was scored after 2 days at 30"C. (B) The ability of these strains to grow on YPD was evaluated by plating
100ml of a 1:1000 dilution and counting the surviving individual colonies. The bars in the histogram depict the results from three independent
experiments, with the error bars indicating the standard deviation.
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65 comprises the intersubunit region of 60S subunit, the
appearances of half-mers suggest that the exchange of the
adenine to other bases alters the framework of the rDNA,
which then influences the subunit joining. The anisomycin
sensitivity also supports this notion. Furthermore, it was
recently shown that in Escherichia Coli, the Helix 65 and
66 mutants also promoted subunit association defects
(45). Surprisingly, no such half-mers formation was
observed in the polysome profiles from the Dbmt2
mutant, which is also in accordance with mild anisomycin
sensitivity. Interestingly, we recently demonstrated a
similar case with the Drrp8 mutant, where the half-mers
formation and stronger antibiotic sensitivity were
observed only in the rDNA point mutants of helix 25.1
(24). Nevertheless, with the rDNA point mutants, the
phenotypes corresponding to the modification are high-
lighted more strongly than the deletion mutant of the
corresponding enzyme. This can be because of either the
growth rate, which is slower in the mutants, as the rDNA
is expressed from the plasmid, or the lack of different
multiple copies of rDNA in the plasmid-borne expression
system, where only mutated plasmid is the sole source of
rRNA. Interestingly, with the rDNA point mutants, we
could not only address the modification but could also
emphasize the role of helix 65 in the subunit joining and
translation.

Investigation of any regulatory role of m1A modifications

RNA modifications have been recently shown to play a
regulatory role, where the modifications, especially methy-
lation, vary on different growth conditions (46).
Methylation is a reversible modification, and it was
recently demonstrated for the m6A modification of
mRNAs that the amount of this modification alters de-
pending on the growth phase of the cells and during dif-
ferent stress conditions (46). To analyse any such role
played by the m1A modifications of 25S rRNA during
the different growth phases, we isolated the 25S rRNA
as described earlier in the text from the cells at different
growth phases [early exponential (OD600! 1), at the end
of first growth phase (OD600! 20) and stationary phase
(OD600! 43)]. These stationary phase cultures provided
an interesting prospect to analyse 25S rRNA from the
cultures where the cells experience nutrient starvation,
especially with respect to the carbon source. The cell
cultures derived from the first growth phase cells
(OD600! 20) represented the cells experiencing glucose
starvation, whereas the cultures derived from the station-
ary phase cells (OD600! 43) represented the cells experi-
encing complete nutrient starvation.

The cells were inoculated in a 1 l of YPD medium with
a starting OD600! 0.2, and an equivalent number of
cells for different growth phases as described earlier
in the text were harvested. The 25S rRNA from these
cells was then isolated and processed for the HPLC
analysis. As seen in Supplementary Figure S4, the
amount of m1A modifications did not display any signifi-
cant differences for the different growth phases,
demonstrating that the amount of m1A modifications
does not alter at the end of first growth phase and

stationary phase and remains same as at early exponential
phase.

DISCUSSION

The presence of the base modifications in 25S rRNA was
documented as early as in 1973 by Planta’s laboratory
(20,22). However, the enzymes involved in these modifica-
tions remained elusive for a long time. In the present
study, we unravelled a previously uncharacterized methyl-
transferase, Bmt2, to be involved in the base modification
of 25S rRNA at position 2142. After Rrp8, Bmt2 is the
second m1A methyltransferase that is involved in the base
modification of helix 65 of 25S rRNA in S. cerevisiae. H65
belongs to domain IV, which accounts for most of the
intersubunit surface of the large subunit (Figure 8A).
H65 is also exposed to the subunit surface on the
intersubunit side. Interestingly, L2, a highly conserved
protein, has also been shown to make physical contact
with the helix 65, especially with its SH3-b barrel
globular domain (47) (Figure 8B). The domain IV of
25S rRNA plays a significant role in the translation.
This is well supported by a number of studies that have
highlighted the importance of this region and the modifi-
cations they harbour for the optimal function of the ribo-
somes (1,47,48). Our analysis with the 25S rRNA lacking
m1A modification of helix 65 also confirmed the import-
ance of domain IV of 25S rRNA in subunit joining and
antibiotic sensitivity.
Methylation is a predominant post-transcriptional

modification found in rRNA (4). Base methylation
promotes base-stacking by increasing the hydrophobicity
and expanding the polarizability (49). Methylation also
influences the structure by increasing steric hindrance,
blocking hydrogen bonds [e.g. at Watson–Crick positions
and providing positive charge to the nucleosides which
in turn effect the hydrogen bonding (40,50)]. m1A is a
conserved modification in the T!C loop and helix 25.1
of eukaryotic tRNAs and 25/28S rRNA, respectively (4).
The presence of the methyl group at the N1 position
disrupts the Watson–Crick interface of adenine, but it
still allows formation of a Hoogsteen base pair with
uridine or thymine (2). The m1A58 modification has
been shown to play a significant role in maintaining
the tRNA tertiary structure, which helps in stabilizing
initiator-tRNAmet in yeast; thus, it is an essential modifi-
cation (51).
As far as 25S rRNA is concerned, we recently showed

that m1A645 seems to play an important structural role
in the 60S assembly. In contrast, the m1A2142 does not
interfere with 60S assembly, as we could not observe any
60S biogenesis defect in the Dbmt2 mutant. However, as
shown previously, we could show that the Dbmt2 mutant
exhibits peroxide sensitivity. The base modifications, espe-
cially for tRNAs, have also been observed to display
peroxide sensitivity. The modification levels of 20-O-
methyl cytidine 5-methyl cytidine (m5C) and N-
2,2-dimethyl guanosine (m2

2G) alter on treatment of
hydrogen peroxide, and the yeast cells lacking the
enzymes responsible for the biogenesis of these three
modifications were demonstrated to have hydrogen
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peroxide hypersensitivity (52). These observations with the
tRNA base modification and the m1A 2142 indicate that
the biosynthetic pathways of these modifications might be
involved in the cellular response towards oxidative stress
stimulated by hydrogen peroxide. However, future studies
are required to elucidate the specific role of these modifi-
cations in oxidative stress. Recent studies have elaborated
yet unknown role of ribosomes and the factors associated
with ribosomes in oxidative stress. Proteins like Fap7,
which were identified as a protein involved in oxidative
stress, have been recently shown to be involved in 40S
biogenesis (53, 54). Interestingly, the antisense strand of
25S rRNA also carries a mitochondrial protein Tar1,
which is the most abundant protein-coding gene in yeast
and has been reported to be essential for the mitochon-
drial function (55). Although the clue why this results in
increased hydrogen peroxide sensitivity remains still
obscure, the interference of ribosome biogenesis and
ribosome function with oxidative stress becomes more
and more obvious, and future studies are required to elu-
cidate this phenomenon.
RP–HPLC has been instrumental in identifying the nu-

cleoside modification. Interestingly, retention time also
helps in providing insights into the physical properties of
the modified bases. Generally, the alkylation provides
hydrophobicity to the molecules, but as observed before,
we could also observe an increase in polarity of the ad-
enosine once it is modified at first nitrogen atom (51). This
increased polarity of m1A by virtue of methyl group could
be seen as faster elution at !10 min on C-18 Supelcosil
column compared with elution of adenosine at 35 min.
Intriguingly, this also depends on the nitrogen atom
selected for alkylation, as methylation at N6 position
results in increased hydrophobicity compared with adeno-
sine, and this could be observed as late elution at !45 min

on the column (data not shown). These modifications can,
therefore, provide specific physical properties to the RNA,
which then allow RNA to have a conformation that
apparently stabilizes vital transient interactions for the
optimum functionality of ribosomes in translating
genetic information.

Ribosome biogenesis is a complex multi-step process,
where the modifications are introduced on a newly
transcribed rRNA before its assembly into subunits (56).
However, the synthesis of other modifications requires
specific conformations of pre-RNA available only in
fully or partial assembled subunits (57). In the present
study, we also provide some evidences for the site and
timing of the modifications. The nucleolar localization of
the protein along with its pre-ribosomal association made
it apparent that the m1A2142 modification is performed in
the nucleolus, during early 60S maturation phase. This is
further supported by the 80S structure, as the A2142 of
helix 65 is buried deep in the structure and will not be
accessible in the mature 60S ribosome. Interestingly, the
Planta’s group could also assign a similar chronology to
the modification almost 50 years ago (22).

The amino acid sequence analysis of the Bmt2 has a
characteristic C-terminal motif of Class I methyl-
transferases (Rossmann-like fold protein family).
Interestingly, the in silico 3D model of Bmt2 further
illustrated that the protein belongs to the Rossmann-like
fold protein family. Furthermore, in the present study, we
also demonstrated that the substitution of highly
conserved glycine180 residue in the SAM-binding motif
of Bmt2 with arginine abolishes the catalytic function of
the protein. Proteins with highly significant similarity also
exist in other lower eukaryotes, including the pathogenic
yeasts like Candida albicans (Supplementary Figure S5).
The Bmt2 homologues are likely performing the same

Figure 8. Location of helix 65 in mature 80S ribosome. A 3D cartoon of the rRNA structure of ribosome, emphasizing the helix 65 in the spheres.
(A) The helix 65 belongs to domain IV of the 25S rRNA, which accounts for most of the intersubunit surface of the large subunit. (B) Cartoon
representing the vicinity of Rpl2A with Helix 65. The A2142 is shown as spheres. All the pictures were made using PyMol software (PyMOL
Molecular Graphics System, Version 1.2r3pre, Schrödinger, LLC.). The PDB files 3U5B, 3U5C, 3U5D and 3U5E were used for the representation of
ribosome structure.
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function in these organisms. However, the lack of any
rRNA modification details from these organisms prevents
us from validating this notion. Interestingly, both SPOUT
and RFM (Rossmann-like fold methyltransferases)
MTases have been discovered to catalyse the m1A modifi-
cation (58). However, in yeast, only RFM MTases have
been discovered to be involved in m1A methylation. A
recent crystal structure analysis of RsmC, a bacterial
RFM methyltransferase that catalyses the methylation of
m2G1207 of 16S rRNA in E. coli, has provided interesting
insights into the mechanism of RNA methyltransferases in
catalysing the base modification (59). Intriguingly, the N-
and C-terminal domains of the RsmC protein form a ca-
nonical Rossmann-like fold methyltransferase fold with
slight variations. These two structurally related N- and C-
terminal domains of RsmC are probably the result of a gene
duplication event followed by domain subfunctio-
nalization. The N-terminal of RsmC provides the substrate
specificity, whereas the C-terminal binds to S-adenosyl me-
thionine and catalyses the modification reaction.
Therefore, it is tempting to speculate that the base modifi-
cation reaction requires two Rossmann-like
methyltransferase fold domains, one for the substrate
binding and other for the SAM binding and catalysis.
Interestingly, most of the base methyltransferase with just
one RFM fold have been discovered to function either as a
homo dimer or as a heterodimer. This has also been
recently shown for Bud23 that needs an assistance of
another methyltransferase adaptor protein Trm112, for
the base modification (60). Intriguingly, apart from
sharing sequence homology at the C-terminal Rossmann
fold domain, the Rrp8 and Bmt2 also share a significant
homology at N-terminal domain (Supplementary Figure
S6). The N- and C-terminal domains of Rrp8 have
already been predicted to have a coiled coil conformation
(39). The Bmt2 is also predicted to carry the coiled coil
structural motif at the C-terminal (data not shown).
Interestingly, the coiled coil conformation has been sug-
gested to facilitate the oligomerization or dimerization of
the proteins. It is tempting to speculate that the coiled coil
domains of Rrp8 and Bmt2 promote the dimerization of
these proteins, which would also suggest that, these two
proteins function as a homodimer for the modification
reaction. Moreover, the exchange of D116A in the
N-terminal of Bmt2 completely abolished the catalytic
function of protein. It is tempting to speculate that this
amino acid residue is important for either substrate
binding or for protein–protein interaction. Nevertheless,
a detailed structural analysis of these proteins is required
to address this perception.

In summary, we showed that Bmt2 is a nucleolar
Rossmann-like fold methyltransferase responsible for the
m1A2142 methylation of 25S rRNA in S. cerevisiae. We
provide evidences that the lack of modification provides
hydrogen peroxide and anisomycin sensitivity along with
mild defect in subunit joining. The identification of Bmt2
and the respective rDNA mutations reported in here will
enable future structural analyses of ribosomes lacking
these modifications and provide the bases for the future
understanding of the precise role of these modifications in
ribosome function.
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Supplementary Data 

Supplementary Figures 

Figure S1. Structural model of Bmt2.  Cartoon representing the 3D structure of the C- 
terminal catalytic domain of Bmt2. The model was constructed using the recent protocol 
described by Kelley et.al (2009). The 3D structure was constructed with sequence coverage 
of 52%, where 174 residues (52% of Bmt2 amino acid sequence) were modelled with 99.3% 
confidence by the single highest scoring template. This model further reinforced Bmt2 to be 
an Ado Met methyltransferase with the characteristic ! sheets surrounded by helices 
belonging to Rossmann-fold superfamily.  
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Figure S2. Cellular localization of the Bmt2 and its ribosomal association. (A) To test 
the nucleolar localization of Bmt2, pSH18 carrying Bmt2-GFP fusion constructs were 
transformed into strain ScNop56-mRFP and visualized with Leica TCS SP5. (B) To 
investigate any ribosomal or pre-ribosomal association of the Bmt2, plasmid pSH20 carrying 
heptahistidine tagged Bmt2 under a TDH3 promoter, were transformed into !bmt2 mutant 
strain. The polysome profile was made from the transformed strain and the fractions 
corresponding to the cytoplasm, 40S, 60S, 80S, and polysomes were collected. The proteins 
from these fractions were precipitated and a western blot using anti-His antibodies was 
performed. The recombinant Bmt2 co-localized with the ribosomes. 
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Figure S3. RP-HPLC analysis of the Bmt2-point mutants. The RP-HPLC chromatogram 
from the nucleosides derived from the 25S rRNA of !bmt2 strain carrying mutant bmt2 
protein, where amino acid glycine180 was substituted with an arginine (G180R) (A), 
glycine79 to arginine (G79R) (B) and aspartic acid116 to alanine (D116A) (C). The 
substitution of G180R and D116A abolishes the function of Bmt2 and leads to 
methyltransferase-dead mutant as seen by loss of m1A peak in the mutants. D) Western blot 
analysis with the mutant proteins bmt2-G79R, bmt2-D116A and bmt2-G180R using the anti-
His antibodies. The mutant proteins were expressed as C-terminally heptahistidine tagged 
protein from the respective plasmid. 
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Figure S4.  Investigation of m1A modification of 25S rRNA at different growth phase. 
The RP-HPLC chromatogram from the 25S rRNA derived from the culture grown at different 
growth phase. A) RP-HPLC Chromatogram of the 25S rRNA from the yeast cell culture at 
early exponential phase (OD600 -1). B) RP-HPLC Chromatogram of the 25S rRNA from the 
yeast cell culture at the end of first growth phase (OD600 -20), where the glucose is 
completely depleted. C) RP-HPLC Chromatogram of the 25S rRNA from the yeast cell 
culture at stationary phase OD600 -43, where all carbon sources are depleted. 
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Figure S5. Bmt2 homology among different yeasts. The amino acid sequence of Bmt2 
from S. cerevisiae, K. lactis, C. albicans and S. pombe were aligned using ClustalW2 
(EMBL-EBI) and the alignment file was analyzed with EsPript 2.2. The Bmt2 protein is highly 
conserved among these organisms. 
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Figure. S6. Amino acid sequence alignment of Bmt2 and Rrp8. The complete amino acid 
sequence of Bmt2 and Rrp8 from S. cerevisiae was aligned using ClustalW2 (EMBL-EBI) 
and the alignment files was analyzed with EsPript 2.2. The Bmt2 protein and Rrp8 share 
significant homology. Both Rrp8 and Bmt2 are the class I methyltransferases responsible for 
m1A modification of 25S rRNA at position 645 and 2142, respectively. 
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Supplementary Tables  

Table S1: Yeast Strains 

Strain Genotype Origin 
Y10000 BY4742; MAT!; his3"1; leu2"0; lys2"0; ura3"0 EUROSCARF 

Y13280 BY4742; MAT!; his3"1; leu2"0; lys2"0; ura3"0; 
YBR141c::up-kanMX4-down EUROSCARF 

Y04018 BY4741; MATa; his3"1; leu2"0; met15"0; ura3"0; 
YDR083w::up-kanMX4-down EUROSCARF 

ScNop56-mRFP MAT!, his3"1, leu2"0, lys2"0, ura3"0 Sik1-RFP-
KANMX6 (in BY4742) Huh et al. Nature, 2003 

CEN.PK920-1C 
MATa ura3-52 trp1-289 leu2-3, 112 his3#1 
##rdn::pNOY455 [HIS3] + pRDN-hyg1(pNOY290) 
[URA3, leu2D] 

Meyer et al., 2011 

BY.PK1022-6D MATa; his3"1; leu2"0; met15"0; ura3"0; 
ybr141c::up-kanMX4-down rrp8::up-kanMX4-down 

This study (from crossing 
Y13280 x Y04018) 

CEN.PK1167-1C  MATa ura3-52 trp1-289 leu2-3,112 his3#1 
##rdn::pNOY455 [HIS3] + pPK622 (A2142C) 

This study (CEN.PK920-1C 
after transformation with 
pPK622 and plasmid loss 
of pRDN-hyg1 after 5-FOA 
selection 

CEN.PK1168-1C  MATa ura3-52 trp1-289 leu2-3,112 his3#1 
##rdn::pNOY455 [HIS3] + pPK623 (A2142T) 

This study (CEN.PK920-1C 
after transformation with 
pPK622 and plasmid loss 
of pRDN-hyg1 after 5-FOA 
selection 

CEN.PK1169-1C MATa ura3-52 trp1-289 leu2-3,112 his3#1 
##rdn::pNOY455 [HIS3] + pPK624 (A2142G) 

This study (CEN.PK920-1C 
after transformation with 
pPK622 and plasmid loss 
of pRDN-hyg1 after 5-FOA 
selection) 
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Table S2: Plasmids 

Plasmid Description Origin 
pPK468 High copy number plasmid carrying 

URA3 marker, 2! ori, amp 
P. Kötter 

pSH18 A derivative pUG35 plasmid carrying 
Bmt2-GFP fusion proteins 

This study 

pSH20 A derivative pPK468 plasmid carrying 
Bmt2-7xHis fusion protein 

This study 

pSH20-G180R A derivative pSH20 plasmid carrying 
bmt2-G180R-7xHis fusion protein 

This study 

pSH20-G79R A derivative pSH20 plasmid carrying 
bmt2-G79R-7xHis fusion protein 

This study 

pSH20-D116A A derivative pSH20 plasmid carrying 
bmt2-G79R-7xHis fusion protein 

This study 

pAV164 High copy number plasmid carrying wild 
type rDNA with the TRP1 marker and 
leu2d gene 

Chernoff et al., 1994 (1) 

pPK622 A derivative of pAV164 plasmid carrying 
mutant A2142C 25SrDNA 

This study 

pPK623 A derivative of pAV164 plasmid carrying 
mutant A2142T 25SrDNA 

This study 

pPK624 A derivative of pAV164 plasmid carrying 
mutant A2142C 25SrDNA 

This study 
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Table S3: Oligonucleotides 

Oligonucleotides Sequence 
pSH18 FP TACATAGATACAATTCTATTACCCCCATCCATACTCTAGAATGCATTCAA

GAAAGTCGAAG 
pSH18 RP TTGGGACAACACCAGTGAATAATTCTTCACCTTTAGACATGAGGGTAATA

CCAAAATTGTTC 
pSH20 FP ACCAAGAACTTAGTTTCGAATAAACACACATAAACAAACG 

ATGCATTCAAGAAAGTCGAAG 
pSH20 RP TATAAAAAGAAAATTTATTTAAATGCAAGATTTAAAGTAGTTAGTGATGGT

GATGGTGATGGTGGAGGG 
TAATACCAAAATTGTTC 

25S-A2142 GCACTGGGCAGAAATCACATTGCG 
oligo-645 CACTCGCATAGACGTTAGACTCCTTGGTCCGTGTTTCAAGACGGGCGG 
oligo-2142 CTGACCATCGCAATGCTATGTTTTAATTAGACAGTCAGATTCCCCTTG 
25S-Mut3 TCTGACTGTCTAATTBAAACATAGCATTGCG 
25S-Mut4 CAATGCTATGTTTVAATTAGACAGTCAGATTCC 
ITS1 (D-A2) GATTGCTCGAATGCCCAAAG 
ITS2 (C1-C2) CGCCTAGACGCTCTCTTCTTA 
Bmt2-G180R FP GGAGCAGTGGCATTAGAAATTCGTTCATTGAGCTCCGGAAATC 
Bmt2-G180R-RP GATTTCCGGAGCTCAATGAACGAATTTCTAATGCCACTGCTCC 
Bmt2-G79R-RP ATCAGGTTAAGTATTAAAGGTAATGTAAGACTGCGCAAGTACTATGAAGA

CGGCAAATCG 
Bmt2-G79R-RP TTTGCCGTCTTCATAGTACTTGCGCAGTCTTACATTACCTTTAATACTTAA

CCTGATAATTTTG 
Bmt2-D116A-RP CATTAATTAAAAATGAATCCAAATCAAAGGATACTTCTGCCTTGGCTGTG

ATGTACACATTACTTGGTTAC 
Bmt2-D116A-RP ACCAAGTAATGTGTACATCACAGCCAAGGCAGAAGTATCCTTTGATTTG

GATTCATTTTTAATTAATGAGTG 
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ABSTRACT

Yeast 25S rRNA was reported to contain a single
cytosine methylation (m5C). In the present study
using a combination of RP-HPLC, mung bean nucle-
ase assay and rRNA mutagenesis, we discovered
that instead of one, yeast contains two m5C
residues at position 2278 and 2870. Furthermore,
we identified and characterized two putative
methyltransferases, Rcm1 and Nop2 to be respon-
sible for these two cytosine methylations, respect-
ively. Both proteins are highly conserved, which
correlates with the presence of two m5C residues
at identical positions in higher eukaryotes, including
humans. The human homolog of yeast Nop2, p120
has been discovered to be upregulated in various
cancer tissues, whereas the human homolog of
Rcm1, NSUN5 is completely deleted in the
William’s-Beuren Syndrome. The substrates and
function of both human homologs remained
unknown. In the present study, we also provide
insights into the significance of these two m5C
residues. The loss of m5C2278 results in anisomycin
hypersensitivity, whereas the loss of m5C2870
affects ribosome synthesis and processing.
Establishing the locations and enzymes in yeast
will not only help identifying the function of their
homologs in higher organisms, but will also enable
understanding the role of these modifications in
ribosome function and architecture.

INTRODUCTION

All cellular RNAs contain various chemical modifications.
These modifications provide RNA, the necessary complex-
ity to perform more sophisticated biological processes like
gene regulation and catalysis (1). There are >100 structur-
ally distinct ribonucleosides that have been identified in all

three domains of life (http://rna-mdb.cas.albany.edu/
RNAmods/ (2). Many modified nucleosides are conserved
throughout bacteria, archaea and eukaryotes, while some
are unique to each branch of life (3). Different enzymes
and snoRNP complexes add most of these modifications
posttranscriptionally. Methylation of nitrogenous bases
and ribose sugars is the most common chemical modifica-
tion observed in RNA (3). All four nitrogenous bases of
RNA have been discovered to undergo methylation either
at nitrogen (N) or carbon (C) atoms. Interestingly, the
methylation of the cytosine at fifth carbon atom (m5C)
is the most frequent base modification found in cellular
RNAs.

The m5C was first observed in DNA, and until now,
apart from adenine modification in prokaryotes, it is the
most common modified base found in the DNA (4,5). The
role of m5C in eukaryotic DNA has been extensively
analyzed and has been instrumental in understanding the
molecular basis of epigenetic gene regulation (6,7). On the
other hand, in prokaryotes, especially in bacteria, the
methylation of cytosine along with adenine act as molecu-
lar tag that helps the restriction endonucleases to differ-
entiate between self and foreign DNA (8).

Widespread analysis of tRNAs in the past, have allowed
the identification and precise mapping of m5C residues in
tRNAs from all three living domains (9). Interestingly,
these analyses have revealed that several archaeal and eu-
karyotic tRNAs harbors m5C residues in functionally vital
regions (10). Most of the eukaryotic tRNAs contain m5C
residues in the junction between the variable region and
the T!C-stem, especially at positions 48 and 49. Recent
nuclear magnetic resonance and circular dichroism studies
have shown that these m5C modifications play a signifi-
cant role in the structural stability of tRNAs (11,12). A
series of studies in Saccharomyces cerevisiae have also
demonstrated that the loss of these modifications in
tRNAs leads to their rapid degradation (13).

In contrast to tRNAs, the rRNAs have not been sub-
jected to a comprehensive analysis for m5C modifications.
Nevertheless, preliminary analyses have revealed that
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rRNA contains fewer m5C residues as compared with
tRNAs (14,15). One m5C modification at position 2278
was mapped in the 25S rRNA of yeast by Planta’s lab
(16). In contrast to yeast, Escherichia coli was revealed
to contain two m5C residues: m5C965 and m5C1407 in
16S and a single m5C residue, m5C1962, in the 23S
rRNA (17,18). The human 28S rRNA has also been dis-
covered to contain two m5C residues at position 3782 and
4447 (14,19,20).

The m5C modifications of both RNA and DNA are
catalyzed by specific methyltransferases, belonging to
class I Methyltransferase (MTases), characterized by a
Rossmann-like fold SAM binding domain (21).Both
RNA cytosine methyltransferases (RCMTs) and DNA
cytosine methyltransferases (DNMTs) share eight signa-
ture sequence motifs (22,23). The structural and functional
analyses of various RCMTs have revealed that unlike
DNMTs, RCMTs make use of a distinct cysteine amino
acid in motif VI as the catalytic nucleophile (24–26). The
catalytic mechanism of the RCMTs involves an attack by
the thiolate of the motif VI cysteine on the carbon atom 6
of the target cytosine base to form a covalent link, thereby
activating C-5 for electrophilic substitution by the methyl
group of SAM (27). After the addition of the methyl
group, motif IV cysteine acts as a general base in the b-
elimination of the proton from the methylated cytosine
ring, thus releasing the substrate (RNA) (27,28).

The homology search using known amino acid se-
quences of RCMTs from prokaryotic organisms have
led to the identification of three RCMTs, Trm4, Rcm1
(Ynl022c) and Nop2, in S. cerevisiae (22,29,30).
Surprisingly, apart from Trm4, the substrates for both
Nop2 and Rcm1 remained unknown. Trm4 was identified
to catalyze the C-5 methylation of cytosine at several pos-
itions of tRNA (30). Nop2 has been shown to be critical
for 60S biogenesis, nevertheless the catalytic function of
Nop2 remained unclear (31). Rcm1 is the only
uncharacterized RCMT in yeast and has not been sub-
jected to any biochemical analysis so far.

Both Nop2 and Rcm1 are highly conserved proteins.
The human homolog of yeast Nop2, NSUN1 or p120
has been found to be upregulated in various cancer
tissues, whereas the human homolog of Rcm1,
NSUN5A, is completely deleted in the Williams–Beuren
syndrome, which is a complex developmental disorder
with a significant penetration in human population
(32–34). Like in yeast, the substrate and function of
both human homologs remained to be identified.

In the present study, we analyzed for the first time the
m5C modification of 25S rRNA in S. cerevisiae using
RP-HPLC analysis. Surprisingly, we discovered that
S. cerevisiae contains two m5C residues in the 25S
rRNA. In addition, we demonstrated that Rcm1 and
Nop2 perform these two modifications, individually. We
also analyzed the significance of these modifications in
yeast and provide insight into the importance of these
two m5C residues in ribosome synthesis and functionality.
Together with the identification of substrates in yeast and
helices alignment of both human and yeast ribosomal
RNA, we could also assign the substrate specificity to

the human homologs of yeast Nop2 (NSUN1, p120) and
Rcm1 (NSUN5).

MATERIALS AND METHODS

Yeast strains and plasmids

The strains and plasmids used in the present study are
listed in Supplementary Table S1. The PCR primers
used for the construction of the plasmids are listed in
Supplementary Table S2. The rDNA point mutants were
constructed as described previously (35). A detailed
protocol for construction of all plasmids will be
provided on request.

Growth conditions and media

Yeast strains were grown at 30!C in YPD or YPG
medium (1% yeast extract, 2% peptone, 2"4% glucose
or galactose) or in synthetic dropout medium (0.5%
ammonium sulphate, 0.17% yeast nitrogen base, 2"4%
glucose). For serial dilution growth assays, yeast cells
were grown over night in YPD/YPG medium and
diluted to an OD600 of 1 followed by 1:10 serial dilutions.
From the diluted cultures, 5 ml were spotted onto YPD
plates and incubated at 30 or 19!C. For the antibiotic
analysis, 5 ml of a paromomycin solution (200mg/ml)
and anisomycin (20mg/ml) were spotted on filter discs,
which were then placed on YPD plates containing the
strains to be tested.

RNA extraction and northern hybridization

For northern blot analysis, RNA was prepared by phenol/
chloroform extraction as previously described (36).
Northern blotting was performed as described previously
(37). For the extraction of 25S rRNA, 60S subunits were
isolated using sucrose density centrifugation. The frac-
tions corresponding to 60S subunits were collected with
the Density Gradient Fractionation System (Teledyne
Isco) and precipitated with 2.5 volume of 100% ethanol
at "20!C for 16 h. Precipitated 60S subunits were
dissolved in water and 25S rRNA was purified using the
RNeasy Kit (QIAGEN).

Reversed phase"high performance liquid chromatography
and mung bean nuclease assay

RP-HPLC were performed as described previously (37).
Seventy micrograms of 25S rRNA was digested to nucleo-
sides by nuclease P1 and alkaline phosphatase. The hydro-
lyzate was analyzed by HPLC according to the method
described before (38,39). Nucleosides were analyzed by
RP-HPLC on a Supelcosil LC-18-S HPLC column
(25 cm# 4.6mm, 5 mm) equipped with a precolumn
(4.6# 20mm) at 30!C on an Agilent 1200 HPLC system.
For mass spectrometry analysis, nucleosides were col-
lected from four HPLC experiments and desalted twice
with a Zorbax Eclipse XDB-C18 column (Agilent;
4.6# 150mm, 5 mm) using 5mM ammonium acetate, pH
6.0, with a flow rate of 0.5ml/min. After buffer evapor-
ation, samples were resolved in water and applied to
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MALDI mass spectrometry on a VG Tofspec (Fisons
Instruments) in the negative ion mode.
The mung bean nuclease protection assay was per-

formed exactly as described previously (37,40). Specific
sequence of the 25S rRNA was isolated by hybridization
to complementary deoxyoligonucleotides. One thousand
picomoles of the synthetic deoxyoligonucleotides comple-
mentary to yeast 25S rRNA were incubated with 100
pmoles of total rRNA and 1.5ml of DMSO in 0.3
volumes of hybridization buffer (250mM HEPES,
500mM KCl, pH 7.0). The fragments were digested by
mung bean nuclease and 0.02 mg/ml RNase A (Sigma-
Aldrich) and were separated on a 13% polyacrylamide
gel containing 7M urea. RNA was extracted from the
gel using D-TubeTM Dialyzers according to the manufac-
turer’s protocol for electroelution (Novagen!)

Polysome profiles

The polysome profiles were performed exactly as
described previously (37). The yeast strains were grown
in YPD medium (100ml) at 30!C to early logarithmic
phase (OD600=1.0). Before cell disruption, the cyclohexi-
mide was added to the final concentration of 100 mg/ml. A
100ml YPD culture (OD600=1.0) was harvested by cen-
trifugation at 4!C. Cells were then washed twice with
10ml of Polysome Buffer A (20mM HEPES, pH 7.5,
10mM KCl, 1.5mM MgCl2, 1mM EGTA and 1mM
DTT), resuspended in 0.5ml of buffer A and disrupted
by vortexing with an equal volume of glass beads.
Equivalent amounts of absorbing material were layered
on a 10"50% (w/v) sucrose gradient in buffer A. The
gradient was made using Gradient Master 107
(Biocomp). The samples were then centrifuged at
19 000 rpm for 17 h at 4!C in a SW40 rotor using
Beckman ultracentrifuge (L-70: Beckman). Gradients
were fractionated in an ISCO density gradient fractionar
and the absorbance profile at 254 nm was analyzed in
ISCO UA-5 absorbance monitor.

Western blot analysis

For western blotting, 30 mg of total protein from each
sample were separated with 12% sodium dodecyl sulphate
polyacrylamide gel and blotted on a PVDF membrane
(Millipore). The membrane was blocked with 5% nonfat
dry milk, and the protein was detected with anti-His
monoclonal antibody (Roche; 1:1000 dilution) in case of
Rcm1 and with anti-Nop2 (EnCor Biotechnology,
Florida, USA), followed by anti-mouse IgG-conjugated
horseradish peroxidase (Bio-Rad; 1:10 000 dilution).

Protein localization

The plasmid pSH30 encoding GFP-Rcm1 fusion protein
was constructed using plasmid pUG35 plasmid
(EUROSCARF). Plasmid pSH30 was then transformed
in a strain containing a gene encoding for ScNop56-
mRFP. Transformants carrying plasmid were grown in
synthetic medium lacking uracil at 30!C. GFP-fused
Rcm1 was visualized using a Leica TCS SP5. The RFP-
fused Nop56 was used as reference for nucleolar
localization.

RESULTS

RP-HPLC analysis of the 25S rRNA revealed the
presence of two m5C residues

The 25S rRNA of yeast has been predicted to contain one
m5C residue at position 2278 (10,16). Surprisingly, the
enzyme responsible for this base modification remained
unknown.

In silico sequence alignments of yeast proteins with
already known cytosine methyltransferases have predicted
the presence of three m5C methyltransferases in yeast,
Nop2, Trm4 and Rcm1. Interestingly, apart from Nop2,
both Rcm1 and Trm4 have been found not to be essential
for viability. To identify the enzyme responsible for
m5C2278 base modification of 25S rRNA, we analyzed
the 25S rRNA composition of deletion mutants, Drcm1
and Dtrm4, using RP-HPLC (Figure 1).

Surprisingly, in the Drcm1 mutant, the peak corres-
ponding to m5C reduced to half, suggesting that there
are two m5C modifications in the 25S rRNA of
S. cerevisiae. This, however, was in contrast to what
have been mentioned before by other groups and dis-
cussed previously during our analysis of m1A modifica-
tions in 25S rRNA (10,37,41). To validate that the m5C
peak comprised of only m5C nucleosides, we analyzed the
composition of m5C peak with MALDI mass spectrom-
etry as described in ‘Materials and Methods’ section. The
mass spectrometry analysis further confirmed that the
peak consists of only m5C nucleosides (data not shown).

To further corroborate the presence of two m5C
residues, rRNA point mutants were created, where
cytosine C2278 of 25S rRNA were exchanged with U
and G. For this analysis, we used a plasmid borne copy
of 35S rDNA transcribed under the native promoter in a
strain where the genomic rDNA was deleted. The mutated
25S rRNA was expressed from plasmids pPK655 and
pPK657 corresponding to C2278G, C2278T mutants, re-
spectively. The wild-type 25S rRNA was expressed from
the pAV164 plasmid. As evident in the Supplementary
Figure S1, RP-HPLC analysis of these strains validated
the presence of second m5C modification in the 25S rRNA
of S. cerevisiae, as the amount of m5C peak reduced to
half, when the cytosine at position 2278 was exchanged
with either G or U. Besides, this analysis further con-
firmed the position of m5C residue at position 2278 in
S. cerevisiae. Taken together, our results undoubtedly
showed the presence of two m5C residues in the 25S
rRNA and more importantly emphasized the involvement
of Rcm1 in catalyzing one of the m5C modifications of 25S
rRNA.

Localization of the second m5C residue in the 25S rRNA
of S. cerevisiae

To identify the second m5C modification, we subjected the
entire 25S rRNA to mung bean nuclease protection assay.
Synthetic oligonucleotides, 50mers in length and comple-
mentary to the different regions of 25S rRNA were
designed. rRNA (25S) isolated from the wild-type cells
was then hybridized to these oligonucleotides in different
independent reactions and subjected to the mung bean
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nuclease digestion. Because mung bean nuclease is a
single-strand specific endonuclease, only single-stranded
extension from the ends of RNA and DNA were
digested. Consequently, desired fragments corresponding
to the different regions of 25S rRNA could be protected
from the digestion by providing complementary oligo-
nucleotides. These protected RNA–DNA hybrid frag-
ments were then separated from the rest of the debris
and from each other using 8M-Urea polyacrylamide gel
electrophoresis gels. The RNA fragments were then eluted
from the gels using D-TubeTM. Dialyzers by electroelution
and their nucleosides composition was next examined
using RP-HPLC. Two different fragments derived from re-
gion (2253–2300) corresponding to m5C2278, (Figure 2A)
and 2839–2890 (Figure 2B) were identified to contain m5C
residues (Figure 2C and D).

To map the precise location of the m5C residue within
the fragment (2839–2890), three overlapping fragments
corresponding to the regions displayed in Figure 3B
were isolated. The mung bean nuclease assays using

oligo-2867, oligo-2870 and oligo-2884 were performed to
isolate these fragments. The compositions of these frag-
ments were next analyzed using RP-HPLC (Figure 3C–E).
The RP-HPLC chromatograms from these fragments
allowed us to map the precise location of the m5C
residue to position 2870.

Deletion of Rcm1 specifically abolishes the methylation of
m5C 2278 in the 25S rRNA

To determine the nucleotide position at which the modi-
fication was absent in the Drcm1 mutant, a mung bean
nuclease protection assay was performed. The fragments
corresponding to m5C2278 and m5C2870 as shown in
Figure 2A and B from Drcm1 cells were isolated and the
composition of m5C was examined using RP-HPLC.
Interestingly, in the Drcm1 mutant, as evident from RP-
HPLC chromatograms shown in Figure 2E and F, the
m5C residue from fragment corresponding to m5C2278
was absent. This clearly showed that Rcm1 is specifically
involved in the modification of m5C2278 residue.

Figure 1. RP-HPLC analysis of the 25S rRNA of Drcm1 and Dtrm4. Nucleosides compositions of the 25S rRNAs from the wild type, Drcm1 and
Dtrm4 mutant were analyzed by RP-HPLC. (A) RP-HPLC chromatogram from the wild type, (B) Drcm1 and (C) Dtrm4 mutant. The peak corres-
ponding to the m5C with a retention time of approximately 12min reduces to half in the Drcm1 mutant compared with wild type and Dtrm4.
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Figure 2. Mung bean nuclease protection assay for the identification of new m5C residue in the 25S rRNA of S. cerevisiae. To identify the second
m5C modification, whole 25S rRNA was subjected to mung bean nuclease protection assay. Synthetic oligonucleotides complementary to the
different regions of 25S rRNA were designed and hybridized to the 25S rRNA of wild type. Two fragments corresponding to domain IV of 25S
rRNA (from base 2253 to 2300) marked red (A) and region corresponding to domain V of 25S rRNA (from base 2840 to 2889) also marked in red
(B) were discovered to contain m5C residues. (C) RP-HPLC chromatogram of the fragments derived from region displayed in red (A) corresponding
to already predicted m5C 2278 residue. (D) RP-HPLC chromatogram of the fragments derived from region marked in red (B). Both fragments
contain single m5C residue with the retention time of !12min. To identify the m5C residue missing in Drcm1, the statuses of these two m5C residues
were analyzed in the 25S rRNA of Drcm1 strain. (E) RP-HPLC chromatogram of fragments corresponding to region 2253–2300 of 25S rRNA
marked in red (A). (F) RP-HPLC chromatogram of fragments corresponding to region 2840–2889 of 25S rRNA marked in red (B). Interestingly,
m5C residue from the fragments corresponding to m5C2278 was absent, highlighting the involvement of Rcm1 in catalyzing the m5C2278 modifi-
cation of 25S rRNA.
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Rcm1 catalyzes methylation of m5C2278 of 25S rRNA
in vivo and the highly conserved cysteine 404 is
indispensable for methylation reaction

To validate Rcm1 to be an MTase involved in performing
m5C modification, the Drcm1 mutant was complemented
with plasmid pSH31 carrying C-terminally heptahistidine
tagged Rcm1. The 25S rRNA from this strain was then
isolated and composition of its 25S rRNA was analyzed
with RP-HPLC. As seen in Figure 4B, the episomally ex-
pressed Rcm1 catalyzed the m5C modification in vivo, seen
as an increase in the amount of m5C compared with the
Drcm1.

The catalytic mechanism of the RCMTs involves an
attack by the thiolate of the motif VI cysteine on the
position 6 of the target cytosine base to form a covalent
link, thereby activating C-5 for electrophilic substitution
by the methyl group of SAM. The motif IV cysteine acts
as a general base in the b-elimination of the proton from
the methylated cytosine ring. Rcm1 also carries these two
highly conserved cysteine residues at position 330 (motif
IV) and position 404 (motif VI) shown in Figure 4A.

To corroborate the direct involvement of Rcm1 in per-
forming the m5C2278 modification, we constructed mutant
alleles of Rcm1, where both cysteine residues in motif IV

and VI were replaced with the alanine. The point mutations
were generated on plasmid pSH31 and could be visualized
using anti-His antibodies due to their heptahistidine tags.
The plasmids pSH31-a (rcm1-C330A) and pSH31-b (rcm1-
C404A) carrying the mutant allele of the Rcm1 were then
transformed into a Drcm1 strain. Surprisingly, the trans-
formation with plasmid pSH31-a (rcm1-C330A) turned
out to be lethal for the cell (Supplementary Figure S3A).
Conversely, the transformation of pSH31-b (rcm1-C404A)
caused no growth defect. To examine the functionality of
mutant protein (rcm1-C404A), we next analyzed the 25S
rRNA composition of its transformants using RP-HPLC.
Intriguingly, as seen in Figure 4C, the substitution of
cysteine 404 to alanine abolished the catalytic function of
Rcm1, as mutant protein failed to perform the C-5 methy-
lation of C2278 residue. Taken together, our results
demonstrated the direct involvement of Rcm1 in perform-
ing m5C modification and showed that motif VI cysteine is
indispensable for C-5 methylation of m5C residues as
observed previously for other RCMTs (28).
To further explore the role of cysteine 330 in conferring

the lethality and rule out any secondary effect of plasmid
on the growth of cell, we transformed the plasmid pSH31-a
in the CEN.PK1170-1C strain, where the cytosine 2278 was

Figure 3. Mapping of the exact position of m5C residue in the domain V of S. cerevisiae. To identify the precise location of the m5C residue within
the fragment corresponding to the PTC region of 25S rRNA, shown in panel (A), fragments marked in panel (B) were isolated using mung bean
nuclease protection assay. The nucleosides composition of these fragments was next analyzed using RP-HPLC. (C) RP-HPLC chromatogram of
oligo-2867, oligo-2870 (D) and oligo-2884 (E). As evident from the chromatograms, the 25S rRNA fragments corresponding to oligo-2870 contains
m5C residues, whereas other two fragments lack m5C residues. Together, this distinctly confirmed that the m5C residue in the PTC region (2839 to
2890) is located at position 2870.
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replaced with the guanine (C2278G). Previous studies with
RCMTs have demonstrated that the exchange of motif IV
cysteine with alanine abolishes the ß-elimination reaction,
responsible for the separation of enzyme from its RNA
substrate and consequently results in fixing of the enzyme
to its substrate (28). To prove that a covalent fixation of the
rcm1-C330A to the 25S rRNA is responsible for the cell
death, we transformed the plasmid pSH31a in
CEN.PK1170-1C strain, which lacks C2278, the substrate
of Rcm1. As expected and shown in Supplementary Figure
S3B, the plasmid pSH31a did not exhibit any lethality in
CEN.PK1170-1C strain. Moreover western blot analysis
confirmed the expression of the mutant protein
(Supplementary Figure S3C).
To further support the role of motif IV cysteine residue,

we also generated plasmid pSH31c carrying the double

mutations, where both conserved cysteines (C330 and
C404) were changed to alanine and observed its ability
to support viability. Interestingly, the substitution of
both cysteines together resulted in no lethality (Supple-
mentary Figure S3D). Taken together, our results clearly
showed that the irreversible fixation of rcm1-C330A is ap-
parently responsible for its lethality and together with
previous analyses of Trm4 and Nop2, support that
cysteine in motif IV is important for the release of
methylated RNA, whereas cysteine in motif VI is essential
for nucleophillic catalysis (25,28).

Cellular localization of Rcm1

To investigate the cellular localization of Rcm1, a plasmid
pSH30 was constructed, where Rcm1 was expressed as

Figure 4. Rcm1 catalyzes methylation of m5C2278 of 25S rRNA in vivo. (A) In silico 3D structure model of Rcm1. The 3D structure prediction of
Rcm1 was performed using a recently described protocol of Kelley and Sternberg, (2009), explained in detail in Supplementary Methods. Rcm1 is
predicted to be a Rossmann-like fold methyltransferase. Two highly conserved cysteine residue, Cys330 in motif IV and Cys404 in motif VI, are
highlighted as red and green spheres in the cartoon. To substantiate, Rcm1 to be involved in performing m5C modification, plasmid pSH31 carrying
C-terminally heptahistidine tagged Rcm1 was transformed into Drcm1 mutant strain. (B) RP-HPLC chromatogram of 25S rRNA from Drcm1 strain
carrying pSH31 plasmid. As a control, the status of m5C modification of the Drcm1 strain with mutant rcm1-C404A (C). Like wild-type Rcm1,
mutant protein was expressed as C-terminally heptahistidine tagged from plasmid pSH31-b. It became apparent from the chromatograms that the
recombinant Rcm1 expressed from pSH31 plasmid was able to methylate the C-5 of C2278 of 25S rRNA, whereas the substitution of catalytically
vital cysteine404 to alanine abolished the catalytic potential of Rcm1. (D) Western blot using anti-His antibodies was made to analyze the expression
of heptahistidine tagged Rcm1 and mutant rcm1-C404A.
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Rcm1-GFP fusion protein. The plasmid pSH30 was next
transformed into a strain where Nop56, a nucleolar
protein, was expressed as a RFP fusion protein. The
cells expressing the fusion protein were visualized with
the help of a confocal Leica TCS SP5 microscope. As
displayed in Supplementary Figure S2, Rcm1 was
localized in the nucleolus.

Phenotypic characterization of Rcm1

To investigate the impact of loss of Rcm1 and conse-
quently the loss of m5C 2278, we analyzed the growth of
Drcm1 mutant along with rDNA point mutants.
Surprisingly, the deletion of rcm1 did not result in any
significant growth defect at 30 and 37!C (Figure 5A).
Similar to the Drcm1, the exchange of C2278 to G and
T in the 25S rRNA had also no effect on the growth of
cells at 30 and 37!C (data not shown).

We previously showed that the lack of base methylation
confers antibiotic hypersensitivity to the cells (37).
Moreover the antibiotic analyses are effective tools to
detect the changes in conformation of RNA, as the hyper-
sensitivity is often the result of change in RNA structure
(42). Interestingly, as seen in Figure 5B, Drcm1 exhibited
hypersensitivity to anisomycin. Anisomycin sensitivity of
the Drcm1 strain would suggest that 25S rRNA experience
alterations in the structure owing to lack of m5C2278

modification because the rDNA and Rcm1 point
mutants displayed similar hypersensitivity (data not
shown).
To investigate any possible role of m5C modification in

60S biogenesis, we analyzed the polysome profile of
Drcm1. As seen in Figure 5C and D, deletion of rcm1
did not disturb the 60S stoichiometry and polysome
assembly.

Nop2 catalyzes the methylation of m5C2870 in 25S rRNA

Nop2 has long been predicted to be a RNA cytosine
methyltransferase (31). Additionally, previous biochem-
ical and genetic analysis have established Nop2 to be a
critical factor for the processing and synthesis of 60S
subunits (43). Therefore, we next investigated any possible
role of Nop2 in preforming the second m5C2870 base
methylation of 25S rRNA.
Nop2 is an essential protein and therefore to validate

the involvement of Nop2 as an enzyme responsible for
performing m5C modification, we initially attempted to
selectively deplete Nop2 using tetracycline aptamer con-
struct and analyzed the effect of the depletion on the m5C
modification of 25S rRNA by RP-HPLC (38). Although
addition of 250 mM tetracycline arrested growth, we only
observed a mild effect of just 10–15% decrease in m5C
modification on depletion of Nop2 for 8 h (data not

Figure 5. Growth analysis and antibiotic sensitivity of the Drcm1. (A) Ten-fold serial dilutions of the wild-type and Drcm1 strains were spotted onto
solid YPD plates and were incubated at different temperatures. (B) Anisomycin and Paromomycin sensitivity tests were performed by spotting 5 ml of
anisomycin (5 mg/ml) and paromomycin solution (200mg/ml) on filter discs, which were then applied on YPD plates containing the strains indicated.
Polysome profile analysis was performed to detect any defects in 60S biogenesis and translation of Drcm1 compared with isogenic wild type.
(C) Polysome profile of the wild type and (D) Polysome profile of Drcm1. The 59 kDa band corresponds to Rcm1 protein. M stands for protein
marker.
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shown). Although only a minor reduction was observed,
this was a first hint that Nop2 might be responsible for
m5C modification in 25S rRNA.
Nop2 contains two highly conserved cysteine residues,

Cys424 and Cys478, in motif IV and VI, respectively
(Figure 6A). Therefore as performed for Rcm1, we next
replaced these conserved cysteine residues of Nop2 in
domain IV (Cys424) and domain VI (Cys478) with
alanine. These mutations were generated on plasmid
pSH17 carrying wild-type Nop2. As observed for Rcm1,
the plasmid pSH17-a carrying nop2-C424A (mutation of
motif IV cysteine) mutant protein failed to complement
the deletion of nop2 (data not shown), as observed previ-
ously by Redman’s lab (44), whereas pSH17-b carrying
nop2-C478A complemented the deletion of NOP2.
To analyze the effect of the exchange of C478A on the

status of m5C modification of 25S rRNA, the 25S rRNA
from the Dnop2+nop2-C478A mutant were isolated and
processed for RP-HPLC analysis. Interestingly, in com-
parison with wild type, a similar 50% reduction in the
amount of m5C nucleosides was detected, as observed pre-
viously for the Drcm1 mutant (Figure 6B and C). This
clearly showed that Nop2 is indeed a RCMT and is
involved in m5C modification of 25S rRNA. To further
substantiate our result, we deleted rcm1 gene from
the Dnop2+nop2-C478A strain and processed the 25S
rRNA from this strain for RP-HPLC analysis. As seen
in Figure 6D, the peak corresponding to the m5C modifi-
cation completely disappeared from the 25S rRNA of the
double mutant (Drcm1Dnop2+nop2-C478A). This clearly
confirmed that Nop2 and Rcm1 are RCMTs and are re-
sponsible for the methylation of m5C2870 and m5C2278,
respectively.

The mutant allele nop2-C478A strongly affects
the 60S biogenesis

Interestingly, the growth analysis of the strain carrying
mutant nop2-C478A displayed a strong growth phenotype
as seen in Figure 7A. The polysome profile from the
mutant revealed defect in 60S biogenesis and significant
reduction in polysome fractions compared with isogenic
wild type (Figure 7C and D). Intriguingly, the northern
blot depicted a slower processing of 35S rRNA and 27SA2
pre-rRNA and concomitant decrease in both 25S and 18S
rRNA (Figure 7E). The 25S rRNA experienced a stronger
reduction as compared with 18S rRNA, which was also
supported by the polysome profiles. Generally, the
decrease in 60S also leads to the significant accumulation
of 43S particles (the translation initiation complex) in the
polysome profiles, seen as halfmers. The absence of such
significant halfmers from the polysome profiles also
implies that in the mutant strain, the biogenesis of 40S is
also affected. It is this mutual decrease of both subunits
that precludes any halfmer formation. Interestingly,
similar phenotypes have been observed on Nop2 depletion
(31). Because the mutant allele is expressed in a similar
amount to wild type (Figure 6D), comparable defects in
processing of pre-rRNA species in the methyltransferase-
dead mutant of nop2 and on Nop2 deletion would suggest
that these phenotypes are apparently the result of reduced

m5C modification. In addition, the change in steady state
levels of precursors would also indicate that the modifica-
tion is performed early during rRNA synthesis and is
critical for early rRNA processing.

Analysis of any possible role of Trm112 in catalyzing the
m5C modifications

Trm112, a MTase adaptor protein, has been recently
observed to play an important role in assisting Bud23 in
performing the N-7 methylation of G1575 in 18S rRNA
(45,46). These studies have also highlighted a physical
interaction of Trm112 with both m5C methyltransferases,
Rcm1 and Nop2. This has raised the speculation of
Trm112 to be playing a similar role in supporting these
two methyltransferases in performing their respective
modification. Therefore, to analyze any role of Trm112
in assisting Nop2 and Rcm1 in performing the m5C modi-
fication, we analyzed the status of m5C modifications in
Dtrm112 mutant by RP-HPLC. As seen in Figure 8, the
deletion of trm112 has no significant effect on any of the
two cytosines modifications of 25S rRNA. However, as
Trm112 physically interacts with Rcm1 and Nop2, it
might be possible that Trm112 only partially assists
Nop2 and Rcm1 in performing m5C modifications, the
effect of which might be difficult to capture. Conversely,
as observed for Bud23 and Trm11 mediated methylations,
where the modifications disappear completely upon the
loss of trm112, and this certainly is not the case for
Nop2 and Rcm1. Nevertheless, future work should be
directed in analyzing any such subtle effect of Trm112
on cytosine methylations of 25S rRNA.

DISCUSSION

The presence of methylated cytosine in DNA of higher
eukaryotes is a well-established epigenetic marker.
Surprisingly, S. cerevisiae lacks any such modification in
the genomic DNA, which is also in consent with the
absence of DNA cytosine methyltransferase in yeast. In
yeast, only cellular RNAs have been discovered to
undergo m5C base modification. The presence of this
modification in 25S rRNA was first recognized by
Planta’s lab in 1973 (15). However, the position and
number of the m5C nucleotides in the 25S rRNA of
S. cerevisiae remained a mystery for almost three decades.

In the present study, we subjected the entire 25S rRNA
to a comprehensive m5C analysis, using RP-HPLC and
discovered for the first time that S. cerevisiae contain
two m5C modifications in the 25S rRNA at position
2278 and 2870 (Figure 9). The m5C2278 is localized in
the helix 70, adjacent to helix 69 of 25S rRNA in S.
cerevisiae. H70 belongs to the domain IV, which
accounts for most of the intersubunit surface of the
large subunit of 25S RNA. On the other hand, m5C
2870 is localized in the helix 89 and together with helix
90 and 92 builds the critical A loop of the peptidyl trans-
ferase centre. The A loop is responsible for the initial
interaction with the incoming peptidyl-tRNAs and to ac-
commodate the tRNAs in the correct conformation for
the optimal peptidyl transfer reaction (47).
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Figure 6. Nop2 catalyzes the C-5 methylation of C2870 in the 25S rRNA of yeast. (A) In silico 3D structure model of Nop2. Like Rcm1, Nop2 is
also predicted to be a Rossmann-like fold methyltransferase. Two highly conserved cysteine residues; Cys424 in motif IV and Cys478 in motif VI are
highlighted as red and blue spheres in the cartoon. To demonstrate Nop2 to be a RNA cytosine methyltransferase, we generated methyltransferase-
dead mutant of nop2, where the catalytically significant cysteine residues Cys424 and Cys478 were exchanged with alanine. All these mutant proteins
were expressed from plasmid pSH17-a (C424A) and pSH17-b (C478A) in a Dnop2 strain. Surprisingly, the exchange of Cys424 to alanine failed to
complement the deletion of Nop2. (B) RP-HPLC chromatogram of 25S rRNA from Dnop2 carrying wild-type Nop2 expressed from plasmid pSH17.
(C) RP-HPLC chromatogram of 25S rRNA from Dnop2 with mutant nop2-C478A expressed from plasmid pSH17-b. Approximately 50% reduction
as observed in Drcm1, in the chromatogram of 25S rRNA of strain carrying mutant nop2-C478A authenticated Nop2 to be an m5C
methyltransferase. To further validate that Nop2 is responsible for m5C 2870, we constructed a strain where rcm1 was deleted from
Dnop2+nop2-C478A strain. (D) Overlaid RP-HPLC chromatogram of the nucleosides derived from the 25S rRNA of double mutant
Drcm1Dnop2+nop2-C478A (red) and isogenic wild type (black). The Drcm1Dnop2+nop2-C478A contains no m5C nucleosides, validating the
specific involvement of Rcm1 and Nop2 in the m5C modification of 25S rRNA at position 2278 and 2870. (E) To examine the expression of
mutant nop2-C478A protein, a western blot using monoclonal antibodies against Nop2 was made. The Nop2 protein was detected at 90 kDa. The
lower 70 kDa band corresponds to degradation product.
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As far as biological role of m5C modifications is
concerned, our results exhibited that the loss m5C2278
in the Helix 70 makes the cells hypersensitive to the
anisomycin, whereas the loss of m5C2870 in the helix 89
is vital for the ribosome synthesis and consequently for the
translation. As antibiotic sensitivity analyses are signifi-
cant tools to explore the structural alteration, the
increased anisomycin sensitivity would imply that the
loss of m5C2278 disturbs the optimal conformation of

the helix 70. Interestingly, together with our previous
analysis of base modification in helix 65, the present
anisomycin hypersensitivity would also implicate that
the topology of domain IV of 25S rRNA is crucial for
the anisomycin sensitivity.

In the present study, we also identified Rcm1 and Nop2
as the methyltransferases responsible for catalyzing the
m5C modifications of 25S rRNA. Rcm1 methylates
the cytosine at position 2278, whereas Nop2 catalyzes

Figure 7. Loss of m5C2870 affects ribosome biogenesis and polysome assembly. (A) Ten-fold serial dilutions of the strains were spotted onto solid
YPG plates and were incubated at different temperatures. (B) Illustration for the 35S primary transcript. 35S rRNA contains 18S, 5.8S and 25S
rRNA sequences separated by ITS1 and ITS2. The processing of the 35S precursor to mature rRNA involves endonucleolytic and exonucleolytic
steps at specific sites (C) Polysome profile of Dnop2+Nop2 and (D) of Dnop2+nop2-C478A strain. Halfmers formations are indicated by asterisk.
(E) Northern blot analysis of the Dnop2+nop2-C478A mutant. The membrane was hybridized with radioactive labelled probes for ITS1 (i), ITS2
(ii) and to oligonucleotides specific to 18S and 25S rRNA (iii), shown as f, i, d and j in the panel (B), respectively. (F) Quantitative analysis of
northern blot. The northern blots were quantified using Image Quant v 5.2 (GE life sciences) and the fold change for various precursors in the
mutant strain nop2-C478A were calculated using isogenic wild type as a control.
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Figure 9. Localization of m5C residues and summary of the present study. S. cerevisiae contains two m5C residues, m5C2278 in the helix 70 (shown
as blue spheres) and m5C2870 in the helix 89 (shown as red spheres) of 25S rRNA. Nop2 and Rcm1 perform the methylation of these cytosines,
individually and the two highly conserved cysteine residues (shown in red and green spheres) are indispensible for the catalytic reaction. The PDB
files 3U5B and 3U5E were used for the representation of ribosomal RNA. The cartoon was made by PyMol software (PyMOL Molecular Graphics
System, Version 1.2r3pre, Schrödinger, LLC.). The pdb files generated by Phyre were used for the surface model of Nop2 and Rcm1.

Figure 8. Investigation of any role of Trm112 in m5C modifications of 25S rRNA. To analyze any role of Trm112 in assisting Nop2 and Rcm1 in
performing the m5C modification, the status of m5C modifications in Dtrm112 mutant were analyzed. RP-HPLC chromatogram of 25S rRNA
isolated from (A) wild type and (B) Dtrm112. No significant change in the amount of m5C residues was observed in Dtrm112 mutant compared with
the isogenic wild type.
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the methylation of cytosine 2870 (Figure 9). The amino
acid sequence analysis of the Rcm1 and Nop2 has a char-
acteristic motif of MTases (Rossmann-like fold protein
family). Both Nop2 and Rcm1 share a significant
sequence homology at both N and C terminus with the
Fmu protein. As observed for Fmu, the N terminal
of both Rcm1 and Nop2 contains RNA-binding
motifs, supporting their possible role in RNA binding
(27). The C terminal of both Rcm1 and Nop2 contains
the characteristic MTase (methyltransferase) domain and
is apparently involved in the methylation of C-5 of
cytosine. In the present study, we demonstrated that the
cysteine residue in motif VI, distinctive for RCMTs is
crucial for the methylation reactions of Nop2 and
Rcm1. The substitution of this cysteine with the alanine
residues for both Rcm1 and Nop2 led to the
methyltransferase-dead mutant. Conversely, for both
Rcm1 and Nop2, the substitution of cysteine in motif IV
turned out to be lethal. Intriguingly, as observed previ-
ously for Nop2, this lethality of rcm1-C330A mutant
protein could be suppressed by together substituting the
motif VI cysteine to alanine and by exchanging the
cytosine 2278 of 25S rRNA to either guanine or uracil
(28,44).
The structural analyses of other RNA cytosine methyl-

transferase have revealed the distinct catalytic function of
both cysteine residues during m5C modification (24,27).
The cysteine in motif VI makes a nucleophillic attack on
to the C-6 of cytosine and form a covalent adduct with the
RNA, whereas the cysteine of motif IV allows the release
of substrate. The lethality of both rcm1-C330A and nop2-
424A mutant proteins implies that owing to the replace-
ment of cysteines in motif IV, the mutant proteins fails to
detach themselves from their substrate (25S rRNA) and
apparently makes a stable protein–rRNA complex. This
fixing of the mutant protein then blocks the 25S rRNA
processing and eventually results in cell death. This was
also supported by the viability of double mutants, where
both cysteines (domain IV and VI) were substituted
together with alanine, as this prevented the formation of
any covalent complex. Together with previous analyses of
Trm4 and Nop2, our results further supported that
cysteine in motif IV is important for the release of
methylated RNA, whereas cysteine in motif VI is essential
for nucleophillic catalysis (28). The viability of the
methyltransferase-dead mutant of Nop2 exhibited that
the catalytic function of Nop2 is not essential for viability.
Therefore, the question, what precisely is the essential
function of Nop2 that dictates the viability still remains
open?
Nop2 and Rcm1 are highly conserved among eukary-

otes. Therefore identification of the substrates for these
methyltransferases in yeast provides an excellent oppor-
tunity to assign the substrates to their homologs in higher
organisms, which are otherwise difficult to analyze. Our
sequence comparisons for the human homolog of yeast
Nop2, p120 (NSUN1), would suggest that NSUN1 is
the most suitable candidate for catalyzing m5C4447
residue in the PTC region of human 28S rRNA, as both
yeast and human’s m5C residue in the helix 89 is located at
identical position (Supplementary Figure S4A and B).

Similarly, our analysis with Rcm1 demonstrated that
NSUN5a is apparently the RCMT responsible for
catalyzing the m5C3782 modification of 28S rRNA in
human (Supplementary Figure S5). Nevertheless, future
biochemical experiments are required to assign the sub-
strates for both NSUN1 and NSUN5. Both NSUN1
and NSUN5A belong to NSUN-related proteins in
human (10). There are at least nine different members
(NSUN1 to NSUN7, genes NSUN5A, B and C) in
human. Interestingly, most of the NSUN proteins carry
the putative 5-cytosine methyltransferase domain contain-
ing two catalytic cysteines (10). Surprisingly, apart from
NSUN2, the human homolog of yeast Trm4, the enzym-
atic activity of other NSUN members has never been
examined (48).

Finally, the present study also emphasized once again
the utility of RP-HPLC and mung bean nuclease protec-
tion assay in mapping and analyzing the chemical modi-
fication of RNA, especially m5C, which is difficult to
analyze with other techniques like primer extension.
Bisulphite sequencing has been useful for the analysis of
m5C residues in DNA and smaller RNA molecules, but
for larger RNAs like rRNA, the method lacks reproduci-
bility and need further improvements. Conversely, RP-
HPLC allows not only simultaneous qualitative and quan-
titative analysis of the modified residues but also provide
insights into their physical properties. The retention time
in an RP-HPLC chromatogram is a convenient measure of
the hydrophobicity of the residues. Because hydrophobic
interactions play a crucial role in maintaining the RNA
tertiary structure, these preliminary hints about the
physical properties of the residues can be crucial for
understanding the apparent role of these modifications
in RNA structure.

In summary, we showed that S. cerevisiae contains two
m5C modifications at position 2278 in the helix 70 and at
position 2870 in the helix 89. We also showed that Rcm1
and Nop2 methylate these two cytosines, respectively, and
the cysteines in motif IV and VI of both proteins are in-
dispensable for the methylation reaction. Furthermore, we
also demonstrated that Trm112 plays no role in formation
of m5C residues. Determining the substrates of Nop2 and
Rcm1 along with the location of these modifications will
enable future analyses of these modifications in various
organisms to understand their precise role in ribosome
structure and function.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR online,
including [48–51].
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Suárez,A., Cano,A., Martı́n-Pérez,J., Gamallo,C. and Palacios,J.
(2004) Cytoplasmic localization of p120ctn and E-cadherin loss
characterize lobular breast carcinoma from preinvasive to
metastatic lesions. Oncogene, 23, 3272–3283.

34. Doll,A. and Grzeschik,K.H. (2001) Characterization of two novel
genes, WBSCR20 and WBSCR22, deleted in williams-beuren
syndrome. Cytogenet. Cell Genet., 95, 20–27.

35. Meyer,B., Wurm,J.P., Kotter,P., Leisegang,M.S., Schilling,V.,
Buchhaupt,M., Held,M., Bahr,U., Karas,M., Heckel,A. et al.
(2011) The Bowen-Conradi syndrome protein Nep1 (Emg1) has a
dual role in eukaryotic ribosome biogenesis, as an essential
assembly factor and in the methylation of 1191 in yeast 18S
rRNA. Nucleic Acids Res., 39, 1526–1537.

36. McEntee,C.M. and Hudson,A.P. (1989) Preparation of RNA
from unspheroplasted yeast cells (Saccharomyces cerevisiae). Anal.
Biochem., 176, 303–306.

37. Sharma,S., Watzinger,P., Kötter,P. and Entian,K.D. (2013)
Identification of a novel methyltransferase, Bmt2, responsible
for the N-1-methyl-adenosine base modification of 25S
rRNA in Saccharomyces cerevisiae. Nucleic Acids Res., 41,
5428–5443.

38. Kotter,P., Weigand,J.E., Meyer,B., Entian,K.D. and Suess,B.
(2009) A fast and efficient translational control system for
conditional expression of yeast genes. Nucleic Acids Res., 37,
e120.

39. Gehrke,C.W. and Kuo,K.C. (1989) Ribonucleoside analysis by
reversed-phase high-performance liquid chromatography.
J. Chromatogr., 471, 3–36.

40. Andersen,T.E., Porse,B.T. and Kirpekar,F. (2004) A novel partial
modification at C2501 in Escherichia coli 23S ribosomal RNA.
RNA, 10, 907–913.

Nucleic Acids Research, 2013, Vol. 41, No. 19 9075

153



41. Peifer,C., Sharma,S., Watzinger,P., Lamberth,S., Kotter,P. and
Entian,K.D. (2013) Yeast Rrp8p, a novel methyltransferase
responsible for m1A 645 base modification of 25S rRNA. Nucleic
Acids Res., 41, 1151–1163.

42. Baxter-Roshek,J.L., Petrov,A.N. and Dinman,J.D. (2007)
Optimization of ribosome structure and function by rRNA base
modification. PLoS One, 2, e174.

43. Talkish,J., Zhang,J., Jakovljevic,J., Horsey,E.W. and
Woolford,J.L. (2012) Hierarchical recruitment into nascent
ribosomes of assembly factors required for 27SB pre-rRNA
processing in Saccharomyces cerevisiae. Nucleic Acids Res., 40,
8646–8661.

44. King,M., Ton,D. and Redman,K.L. (1999) A conserved motif in
the yeast nucleolar protein Nop2p contains an essential cysteine
residue. Biochem. J., 337(Pt 1), 29–35.

45. Figaro,S., Wacheul,L., Schillewaert,S., Graille,M., Huvelle,E.,
Mongeard,R., Zorbas,C., Lafontaine,D.L.J. and Heurgue-
Hamard,V. (2012) Trm112 Is Required for Bud23-Mediated
Methylation of the 18S rRNA at Position G1575. Mol. Cell.
Biol., 32, 2254–2267.

46. Sardana,R. and Johnson,A.W. (2012) The methyltransferase
adaptor protein Trm112 is involved in biogenesis of both
ribosomal subunits. Mol. Biol. Cell, 23, 4313–4322.

47. Ben-Shem,A., Garreau de Loubresse,N., Melnikov,S., Jenner,L.,
Yusupova,G. and Yusupov,M. (2011) The structure of
the eukaryotic ribosome at 3.0 A resolution. Science, 334,
1524–1529.
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Supplementary figures 

 
Figure S1. RP-HPLC analysis of 25S rRNA from rRNA point mutants. 

RP-HPLC chromatograms from the rDNA point mutants corresponding to C2278 of 25S rRNA. The 

C2278 of 25S rRNA were exchanged with T, and G in a plasmid borne copy of 35S rDNA transcribed 

under the native promoter in a strain where the genomic rDNA was deleted. The mutated 25S rRNA 

was expressed from plasmids pPK655, pPK657 corresponding to C2278G and C2278T mutants, 

respectively. The wild type 25S rRNA was expressed from the pAV164 plasmid. (A) RP-HPLC 

chromatograms of 25S rRNA isolated from the strain carrying wild type plasmid pAV164, (B) plasmid 

pPK655 (C2278G) and (C) plasmid pPK657 (C2278T). The peak corresponding to m5C reduces to half 

in the chromatogram of C2278G (B), C2278T (C) compared to corresponding wild type C2278C (A), 

thus corroborating the presence of two m5C residues in the 25S rRNA and validated the presence of 

m5C residue at position 2278. 
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Figure S2. Cellular localization of Rcm1. To test the cellular localization of Rcm1, pSH30 carrying 

Rcm1-GFP fusion constructs were transformed into strain ScNop56-mRFP and visualized with Leica 

TCS SP5.  
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Figure S3.  Analysis of rcm1-C330A mutant protein 

(A) The transformation of pSH31a into the !rcm1 strain result in loss of viability, seen as no viable 

yeast colony on the SCD-minus uracil plates. The plate was incubated for 7 days at 30°C. (B) The 

same plasmid pSH31a did not exhibit any lethality when transformed into CEN.PK1170-1C strain. The 

viable yeast colonies were observed after three days (C) The Western blot analysis of rcm1-C330A 

mutant protein. (D) The transformation of pSH31c (rcm1-C330A, C404A double mutant) into the !rcm1 

strain did not affect the cell viability. 
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          C 

Figure S4. Sequence analysis of yeast and human´s rRNA and Nop2 protein 

 Comparison of the secondary structure of Helix 89 (http://www.rna.icmb.utexas.edu/) of S.cerevisiae´s 

25S (A) and H.sapien´s 28S rRNA (B). (C) Amino acid sequence alignment of yeast Nop2 and its 
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human homolog p120 (NSUN1). The sequences were aligned using ClustalW2 (EMBL-EBI) and the 

alignment files was then analyzed with EsPript 2.2. Yeast and human share identical sequence for 

helix 89 and both contain an m5C residue at identical location shown in red. Likewise Nop2 and 

NSUN1 also share significant sequence homology. This would indicate that NSUN1 is the most 

suitable candidate for the m5C4447 modification in H.sapiens. 
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Figure S5. NSUN5a, a putative candidate for m5C3782 of human 28S rRNA.  

(A) Comparison of the secondary structure of Helix 69 and 70 (http://www.rna.icmb.utexas.edu/) of 

S.cerevisiae´s 25S and H.sapien´s 28S rRNA. (B) Amino acid sequence alignment of yeast Rcm1 and 

human NSUN5a. The sequences were aligned using ClustalW2 (EMBL-EBI) and the alignment files 

was then analyzed with EsPript 2.2. Both yeast and human contain m5C residue at identical position in 

their corresponding helix 70 of 25S and 28S rRNA. Similarly, Rcm1 and NSUN5a also share significant 

sequence homology, which allow us to speculate NSUN5a to be likely responsible for m5C3782 

methylation in humans. 
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Table S1: Strains and plasmids used in the present study 

Strain/ 
Plasmid Genotype Origin 

CEN.WA01-1C MATa ura3-52 trp1-289 leu2-3, 112 his3!1 
rcm1:: up-kanMX4-down This study 

BY.SH01-1A BY4741; MATa; his3"1; leu2"0; met15"0; 
ura3"0; nop2 :: up-kanMX4-down +pSH17 This study 

BY.SH02-1A 

BY4742; MATa; his3"1; leu2"0; lys2"0; 
ura3"0; nop2:: up-kanMX4-down rcm1:: up-
URA3-down+pSH17b This study 

ScNop56-
mRFP 

MAT#, his3"1, leu2"0, lys2"0, ura3"0 Sik1-
RFP-KANMX6 (in BY4742) (49) 

CEN.PK920-1C 
MATa ura3-52 trp1-289 leu2-3, 112 his3!1 
!!rDNA :: pNOY455 [HIS3] + pRDN-
hyg1(pNOY290) [URA3, leu2D] 

(35) 

CEN.PK1170-
1C 

MATa ura3-52 trp1-289 leu2-3,112 his3!1 
!!rDNA::pNOY455 [HIS3] + pPK655 
(C2278G) 

This study (CEN.PK920-1C 
after transformation with 
pPK622 and plasmid loss of 
pRDN-hyg1 after 5-FOA 
selection 

CEN.PK1171-
1C 

MATa ura3-52 trp1-289 leu2-3,112 his3!1 
!!rDNA::pNOY455 [HIS3] + pPK657 (C2278T) 

This study (CEN.PK920-1C 
after transformation with 
pPK622 and plasmid loss of 
pRDN-hyg1 after 5-FOA 
selection 

BY.PK-1068-1D BY4741; MATa; his3"1; leu2"0; met15"0; 
ura3"0; trm112::up-kanMX4-down This study 

pSH17 A derivative of pRS423-gal plasmid carrying 
wild type Nop2 under GAL1 promoter This study 

pSH17-a A derivative of pRS423-gal plasmid carrying 
mutant nop2-C424A under GAL1 promoter This study 

pSH17-b A derivative of pRS423-gal plasmid carrying 
mutant nop2-C478A under GAL1 promoter This study 

pSH30 A derivative pUG35 plasmid carrying Rcm1-
GFP fusion proteins This study 

pSH31 A derivative pPK468 plasmid carrying Rcm1-
7xHis fusion protein This study 

pSH31-a A derivative pPK468 plasmid carrying rcm1-
C330A-7xHis fusion protein This study 

pSH31-b A derivative pPK468 plasmid carrying rcm1-
C404A-7xHis fusion protein This study 

pSH31-c A derivative pPK468 plasmid carrying rcm1- 
C330A,C404A-7xHis fusion protein This study 

pAV164 High copy number plasmid carrying wild type 
rDNA with the TRP1 marker and leu2d gene (50) 

pPK655 A derivative of pAV164 plasmid carrying 
mutant C2278G 25SrDNA This study 

pPK657 A derivative of pAV164 plasmid carrying 
mutant C2278t 25SrDNA This study 
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Table S2: Oligonucleotides used in the present study 

 

 

 

 

 

 

 

 

Oligonucleotides Sequence 

pSH17 FP ACCTCTATACTTTAACGTCAAGGAGAAAAAACCCCGGATTATGGGTAGTAGACGTCATAAG 

pSH17 RP GCGTGAATGTAAGCGTGACATAACTAATTACATGACTCGATTATTTTTCGTTAGAAGGTC 

pSH17aFP GAATTTTACTGGATGCCCCAGCCTCCGGTACTGGTGTTATCGG 

pSH17aRP CCGATAACACCAGTACCGGAGGCTGGGGCATCCAGTAAAATTC 

pSH17bFP GGTGTAATAGTATATTCGACAGCCTCTGTTGCAGTGGAAGAGGAC 

pSH17bRP GTCCTCTTCCACTGCAACAGAGGCTGTCGAATATACTATTACACC 

pSH30 FP TACATAGATACAATTCTATTACCCCCATCCATACTCTAGAATGAATTTCTACAGGGATGC 

pSH30 RP TTGGGACAACACCAGTGAATAATTCTTCACCTTTAGACAT ATCTCTTTCAAAACAGACAGC 

pSH31FP ACCAAGAACTTAGTTTCGAATAAACACACATAAACAAACGATGAATTTCTACAGGGATGC 

pSH31RP 
GCTATAAAAAGAAAATTTATTTAAATGCAAGATTTAAAGTAGTTAGTGATGGTGATGGTGATGGTG

GTTCTTGACATAAAGACGGT 

pSH31aFP GTTTTATTGTAGATCCGAGCGCCTCCGGTAGCGGTATATTTGG 

pSH31aRP CCAAATATACCGCTACCGGAGGCGCTCGGATCTACAATAAAAC 

pSH31bFP GCTAAAAAAATAGTATACAGCACAGCCTCCATTCATGCGGAAGAAAATGAACG 

pSH31bRP CATTTTCTTCCGCATGAATGGAGGCTGTGCTGTATACTATTTTTTTAGCCGC 

Oligo-2278 CTAATTAGATGACGAGGCATTTGGCTACCTTAAGAGAGTCATAGTTAC 

Oligo-PTC GATAGGAAGAGCCGACATCGAAGAATCAAAAAGCAATGTCGCTATGAACGC 

Oligo-2867 AAGAATCAAAAAGCAATGTCGCTATGAACGCTTGACTGCCACAAGCC 

Oligo-2870 CGCTTACCGAATTCTGCTTCGGTATGATAGGAAGAGCCGACATCGAA 

Oligo-2884 ACAATCCAACGCTTACCGAATTCTGCTTCGGTATGATAGGAAGAGCCGAC 

f GATTGCTCGAATGCCCAAAG 

i  CGCCTAGACGCTCTCTTCTTA 

j CTCCGCTTATTGATATGC 
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Supplementary Methods 

In silico 3D structure modelling of Rcm1 and Nop2 

The 3D structure prediction was carried out with amino acid sequence of Rcm1 and Nop2 

using a recent protocol (51). The software Phyre is available as an open web based tool 

http://www.sbg.bio.ic.ac.uk/~phyre/. The submitted sequence (query) was scanned 

against the nonredundant sequence database. Five iteration of PSI-Blast were used to 

gather close and remote sequence homologs. A profile from the multiple alignments was 

then constructed which was followed by secondary structure prediction using Phyre:Psi-

Pred13, SSPro14 and Jnet15. The output of each program was predicted in three-states: 

alpha helix (H), beta strand (E for extended) and coil (C). A confidence value for each 

position of the query for each of three secondary structures was assigned. 

This profile and secondary structure was then scanned against the fold library using a 

profile–profile alignment algorithm. This alignment process generated a score that was 

then used for ranking the alignments. E values were then generated using these scores. 

Full 3D models of the query were generated using the top ten highest scoring alignments. 

The missing or inserted regions were repaired using a loop library and reconstruction 

procedure. Finally side-chains were placed on the model using a fast graph-based 

algorithm and side chain rotamer library. 

Interestingly, for Rcm1 and Nop2, crystal structure of Fmu protein, a bacterial m5C 

methyltransferase were used as a template to construct the 3D structure model. The 3D 

structures were modelled with 99.9% confidence by the single highest scoring template 

(Fmu) for both Nop2 and Rcm1. Both Nop2 and Rcm1 carry characteristic Rossmann-fold 

like domain, present in all Class I methyltransferases.  

The cartoons for both Nop2 and Rcm1 were made using PyMol software (PyMOL 

Molecular Graphics System, Version 1.2r3pre, Schrödinger, LLC.) with PDB file 

generated for each protein by software Phyre. 
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ABSTRACT

RNA contains various chemical modifications that
expand its otherwise limited repertoire to mediate
complex processes like translation and gene regu-
lation. 25S rRNA of the large subunit of ribosome
contains eight base methylations. Except for the
methylation of uridine residues, methyltransferases
for all other known base methylations have been
recently identified. Here we report the identification
of BMT5 (YIL096C) and BMT6 (YLR063W), two previ-
ously uncharacterized genes, to be responsible for
m3U2634 and m3U2843 methylation of the 25S rRNA,
respectively. These genes were identified by RP-
HPLC screening of all deletion mutants of putative
RNA methyltransferases and were confirmed by
gene complementation and phenotypic character-
ization. Both proteins belong to Rossmann-fold–
like methyltransferases and the point mutations in
the S-adenosyl-L-methionine binding pocket abolish
the methylation reaction. Bmt5 localizes in the nu-
cleolus, whereas Bmt6 is localized predominantly in
the cytoplasm. Furthermore, we showed that 25S
rRNA of yeast does not contain any m5U residues
as previously predicted. With Bmt5 and Bmt6, all
base methyltransferases of the 25S rRNA have
been identified. This will facilitate the analyses of
the significance of these modifications in ribosome
function and cellular physiology.

INTRODUCTION

Ribosomes are the molecular assemblies of RNA and pro-
teins that translate the genetic information. Structural and

functional analyses of ribosomes have revealed that it is
the rRNA that makes the structural framework of ribo-
somes and catalyze the joining of amino acids (peptidyl
transfer) during translation, hence making ribosome a
ribozyme (1,2). However, the chemical composition of
RNA, on the other hand, seems to be rather insufficient
to provide the structural complexity and flexibility that
RNA requires to catalyze the chemical reactions and co-
ordinate the molecular events during protein synthesis.
Interestingly, the composition analysis of rRNA has
shown that rRNA contains various chemical modifica-
tions that apparently expand its stereochemical
possibilities to mediate sophisticated processes like trans-
lation (3,4). This is well supported by the fact that most of
the chemical modifications cluster in the functionally
conserved regions of the ribosomes, like peptidyl transfer-
ase center and intersubunit bridges (5).

The rRNA molecules contain three different types of
chemical modifications, pseudouridylations, ribose methy-
lations and methylation of nitrogenous bases. Most of
these modifications are added posttranscriptionally,
whereas some are added co-transcriptionally (6). In
Saccharomyces cerevisiae, the 18S rRNA of small
subunit contains 14 pseudouracils, 17 ribose methylations
and 4 base methylations, whereas the 25S rRNA of large
subunit contains 30 pseudouracils, 37 ribose methylations
and 8 base methylations (7,8).

Unlike, pseudouridylations and ribose methylations,
which are catalyzed by H/ACA and C/D box snoRNPs,
respectively, the base methylations are performed by
specific base methyltransferases. Surprisingly, many of
the base methyltransferases of rRNA remained elusive
for long time. It is important to note that the identification
of these enzymes is crucial to understand the significance
of these modifications in the functioning of ribosomes and
in cellular physiology.
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We have been interested in exploring base methylations
of the rRNA and identifying novel methyltransferases
catalyzing these modifications. In S. cerevisiae, all pres-
ently known rRNA base methyltransferases use reactive
methyl group of the S-adenosyl-L-methionine (SAM) for
the methylation reaction and belong to either class I or
class IV of methyltransferases (9). The majority of the
known RNA methyltransferases belong to class I and
contain characteristic Rossmann-like fold SAM binding
domain (9,10). The methyltransferases belonging to class
IV are characterized by an a/b knot structure or SPOUT
domain (11). Using rDNA genetics and RP-HPLC
approaches, we have been able to identify novel sites of
base methylation in the rRNA and have investigated all
single-gene deletion mutants of putative uncharacterized
and characterized RNA methyltransferases to identify the
enzymes responsible for these methylation (8,12,13).

The 18S rRNA in S. cerevisiae contains four base
methylations, m1!1191, m6

2A1781, m6
2A1782 and

m7G1575, catalyzed by enzymes Nep1, Dim1 and
Bud23, respectively (14–17). The 25S rRNA of
S. cerevisiae was reported to contain eight base methyla-
tions (two m1A, two m5C, two m3U and two m5U), the
enzymes for which remained elusive (7,8). Recently, we
identified Rrp8 and Bmt2 as m1A methyltransferases re-
sponsible for the methylation of adenine 645 and 2142 of
the 25S rRNA, respectively (12,13). Furthermore, we dis-
covered that Rcm1 methylates C5 of cytosine (m5C) 2278,
whereas Nop2 catalyzes the methylation of C5 of recently
identified m5C residue at position 2870, located in the
peptidyl transferase center (8). The analyses of these modi-
fications revealed that the base methylations play a signifi-
cant role in 60S biogenesis and in antibiotic sensitivity.
Surprisingly, most of rRNA modifications are dispensable
for cell viability although the enzymes are essential for
growth and ribosome biogenesis. This clearly highlights
a dual functionality of these enzymes in ribosome biogen-
esis. Additionally, many of these methyltransferases are
highly conserved. The human homolog of Rrp8,
Nucleomethylin, is involved in regulation of rRNA syn-
thesis and is an integral component of eNOSc complex,
whereas the human homolog of Nop2 acts as a tumor
marker (18,19). Interestingly, the human homolog of
Rcm1 is completely deleted in Williams–Beuren
syndrome, which is a complex developmental disorder
(20). The substrates of most of the human homologs
remained to be identified. As the positions of most of
these modifications are also highly conserved, with the
knowledge of yeast it is now possible to assign the sub-
strate specificities to these human homologs, which are
otherwise difficult to analyze.

In the present study, we analyzed the remaining base
modifications of the 25S rRNA, the methylation of
uridine residues, m3U (N3 methyl uridine) and m5U (C5
methyl uridine). Bmt5 (Yil096c) and Bmt6 (Ylr063w), two
previously uncharacterized proteins, turned out to be the
base methyltransferases responsible for m3U2634 and
m3U2843 base methylation, respectively. The genes were
identified by RP-HPLC screening of all deletion mutants
of putative RNA methyltransferase and were validated by
gene complementation and phenotypic characterization.

Surprisingly, in contrast to previous predictions for the
presence of m5U methylations, our analysis exhibited
that 25S rRNA of S. cerevisiae does not contain any
m5U methylation (21,22).

MATERIALS AND METHODS

Yeast strains and plasmids

The strains and plasmids used in the present study are listed
in Supplementary Table S1. The polymerase chain reaction
primers used for the construction of the plasmids are listed
in Supplementary Table S2. A detailed protocol for con-
struction of all plasmids will be provided on request.

Growth conditions and media

Yeast strains were grown at 30!C in YPD (1% yeast
extract, 2% peptone, 2% glucose) or in synthetic
dropout medium (0.5% ammonium sulphate, 0.17%
yeast nitrogen base, 2% glucose). For serial dilution
growth assays, yeast cells were grown overnight in YPD
medium and diluted to an OD600 of 1 followed by 1:10
serial dilutions. From the diluted cultures, 5 ml were
spotted onto YPD plates and incubated at 30 or 19!C.

Northern hybridization and RNA extraction

For northern hybridization, the RNA was prepared by
phenol/chloroform extraction as previously described
(13). Northern blotting was also performed as described
previously (13). 25S rRNA for the RP-HPLC analysis was
isolated from the 60S subunits, separated by sucrose
gradient centrifugation as described previously (8).

Reversed phase"high performance liquid chromatography

RP–HPLCwas performed as previously described with fol-
lowing adjustment (13,23). 25S rRNA (70mg) was digested
to nucleosides by nuclease P1 and alkaline phosphatase.
Nucleosides were analyzed by RP-HPLC on a Supelcosil
LC-18-S HPLC column (25 cm# 4.6mm, 5 mm) equipped
with a precolumn (4.6# 20mm) at 30!C on anAgilent 1200
HPLC system. For optimum separation of m3U residues,
we changed the elution conditions as described previously
to an isocratic mode using 50% buffer A (2.5% methanol)
and 50% buffer B (20% methanol) (24).

Mung bean nuclease assay

The mung bean nuclease protection assay was performed
exactly as described previously (13). Complementary syn-
thetic deoxyoligonucleotides were used for hybridization
and protection of specific sequence of isolated 25S rRNA.
One thousand pico moles of the synthetic deoxyoligonu-
cleotides complementary to yeast 25S rRNA were
incubated with 100 pmoles of total rRNA and 1.5 ml of
DMSO in 0.3 volumes of hybridization buffer (250mM
HEPES, 500mM KCl, pH 7.0). The fragments were
digested by mung bean nuclease and 0.02 mg/ml RNase A
(Sigma-Aldrich) and were separated on a 13% polyacryl-
amide gel containing 7M urea. RNA was extracted from
the gel using D-TubeTM Dialyzers according to the manu-
facturer’s protocol for electroelution (Novagen!).
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Polysome profiles

The polysome profiles were performed exactly as
described previously (8). The yeast strains were grown in
YPD medium (100ml) at 30!C to early logarithmic phase
(OD600=1.0). Before cell disruption, cycloheximide was
added to the final concentration of 100 mg/ml. A 100-ml
YPD culture (OD600=1.0) was harvested by centrifuga-
tion at 4!C. Cells were then washed twice with 10ml of
polysome buffer A (20mM HEPES, pH 7.5, 10mM KCl,
1.5mM MgCl2, 1mM EGTA and 1mM DTT), resus-
pended in 0.5ml of buffer A and disrupted by vortexing
with an equal volume of glass beads. Equivalent amounts
of absorbing material were layered on a 10"50% (w/v)
sucrose gradient in buffer A. The gradient was made
using Gradient Master 107 (Biocomp). The samples were
then centrifuged at 19 000 rpm for 17 h at 4!C in a SW40
rotor using Beckman ultracentrifuge (L-70: Beckman).
Gradients were fractionated in an ISCO density gradient
fractionar and the absorbance profile at 254 nm was
analyzed in ISCO UA-5 absorbance monitor.

Immunoprecipitation

Affinity purification was performed exactly as described
previously (25). Bmt6 TAP-tagged strain (Thermo
Fischer) was inoculated in 1 l of YPD and was grown to
an OD600 2–3. Instead of TEV elution, IgG bound
proteins were eluted with 0.2M Glycine (pH 2.5). Bmt6-
TAP tag was detected using peroxidise–anti-peroxidase
(PAP) antibody, whereas Nop2 was detected using anti-
Nop2 (EnCor Biotechnology, Florida, USA), followed by
anti-mouse IgG-conjugated horseradish peroxidase (Bio-
Rad; 1:10 000 dilution).

Western blot analysis

For western blotting, 30 mg of total protein from each
sample were separated with 12% sodium dodecyl
sulphate (SDS) polyacrylamide gel and blotted on a
PVDF membrane (Millipore). The membrane was
blocked with 5% nonfat dry milk and the protein was
detected with anti-His monoclonal antibody (Roche;
1:1000 dilution), followed by anti-mouse IgG-conjugated
horseradish peroxidase (Bio-Rad; 1:10 000 dilution).

Protein localization

The plasmids pSH22 (GFP-Bmt5) and pSH28 (GFP-
Bmt6) were constructed using pUG35 and pUG36
plasmids, respectively (EUROSCARF). Plasmids were
then transformed in a strain containing a gene encoding
for ScNop56-mRFP (26). Transformants carrying plasmid
were grown in synthetic medium lacking uracil at 30!C.
GFP-fused Bmt5 and Bmt6 were visualized using a Leica
TCS SP5. The RFP-fused Nop56 was used as reference for
nucleolar localization.

Primer extension

Primer extension analysis was carried out following the
published protocol with some modifications (13). Ten
pico moles of the DNA primer PE-2634-GATTTCTGTT
CTCCATGAGC and PE 2843-GGAAGAGCCGACATCG

AAGAATC, complementary to the positions 2663–2682
and 2863–2885 of 25S rRNA, respectively, were 32P-
50terminally labeled by incubation in the final volume of
40 ml with 50 mCi g-[32P] ATP and 20U of polynucleotide
kinase in 2 ml of polynucleotide kinase buffer (Fermentas).
Reaction was incubated at 37!C for 30min and then
stopped by incubation at 90!C for 2min. The reaction
mixture was next purified using Roche columns
(11814419001) to get rid of free g-[32P] ATP.

The extension reaction premix contained 6 ml of water,
2 ml of dNTP mix (10 mM dGTP, 10 mM dATP, 10 mM
dTTP and 10 mM dCTP), 6 ml of RNase-free water and
1 ml (10U) of Superscript III reverse transcriptase
(Invitrogen) per reaction. Fourteen microliters of the
premix were added to the reaction tube with the
annealed primer/RNA complex. Samples were incubated
at 55!C for 15min. Following incubation, the RNA was
precipitated using 3M sodium acetate, pH 5.2, and 100%
ethanol, followed by a washing step with 75% ethanol.
After complete removal of supernatant and air-drying of
the tubes for 2–3min. The pellets were resuspended in 6ml
of formamide loading dye (Sambrook et al. 1989). We
loaded 1 ml of the sample on to the sequencing gel
(Model S2, Biometra) and let it run till the phenol blue
dye reached the bottom of the gel. The gel was transferred
to Whatman 3MM paper, dried and exposed on a
phosphoimager screen. The screen was scanned using
Typhoon 9400 (GE) with Storage Phosphor acquisition
mode.

Overexpression and immobilized metal affinity
chromatography

Plasmids pSH26 and pSH25 carrying N terminal 6xHis-
Smt3–tagged Bmt5 and Bmt6, respectively, were con-
structed using pPK591 by gap repair. For overexpression,
BL21 (DE3) cells were transformed with isolated plas-
mids and grown in LB medium containing 100mg/ml
ampicillin at 37!C to an OD600 of 0.6. Isopropyl-b-D-
thiogalactopyranoside at 0.5mM was added to the
culture, and the incubation continued for 4 h. Cells were
recovered by centrifugation, washed with water.

His-tagged Bmt5 and Bmt6 were purified by Nickel-
NTA metal affinity chromatography. Briefly, cell pellets
were thawed on ice using 10ml of Lysis buffer with 100 ml
of PMSF (0.1M), 20 ml of Benzamidine (0.5M) and 7 ml of
2-mercaptoethernol (14.3M). Cells were lysed by sonic-
ation. The lysate was treated with 10 ml of RNase A
(10mg/ml) and 10 ml of DNase (10mg/ml) on ice for
15min. Cell debris was removed by centrifuging the
lysate for 30min at 15 000 rpm in a JA-20 Beckmann
rotor. His-tagged protein in the supernatant fraction was
allowed to bind to the Ni-NTA column (Protino! Ni-
NTA agarose, MACHEREY-NAGEL), preequilibrated
with lysis buffer. Unbound proteins were removed by
washing the resin three times with washing buffer.
Protein was eluted with 5ml of lysis buffer containing
150mM imidazole, collected in 500 -ml fractions, and
then analyzed by SDS-polyacrylamide gel electrophoresis
(PAGE). The protein concentration was estimated using
Bradford’s reagent (27).
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To cleave the 6! His-Smt3 tag from the protein, Ulp1
enzyme (1/20th of the amount of eluted protein) was
added and the sample was incubated at 37"C for 1 h.
Cation exchange column (SP Sepahrose High perform-
ance, GE Life Sciences) was used to separate the 6!
His-Smt3 tag from the protein. Elution was made with
phosphate buffered saline containing different concentra-
tion of NaCl from 400 to 1200mM

Isothermal titration calorimetry

All isothermal titration calorimetry (iTC) experiments
were performed with an LLC iTC 200 (Micro Cal.
Northampton, MA, USA) at 293.15 K. The sample cell
was filled with 50–100 mM protein and the titrations were
carried out using 1mM SAM in phosphate buffered saline
buffer. Injection volume of 0.2 ml with an interval of 0.4 s
was injected. The time delay to allow equilibration
between successive injections was 180 s. Stirring speed
(1000 rpm) with reference power of 10mcal/s was used
during the titration. Control experiments were performed
to correct the data for the enthalpy of dilution of ligand
and buffer mixing. The heat signals obtained from iTC
were analyzed using Origin software supplied by Micro
Cal yielding the stoichiometry (N), the equilibrium asso-
ciation constant Ka as well as the enthalpy (!H) and the
entropy (!S) of binding. The !G value was then used to
calculate the dissociation constant (Kd) of SAM binding
for Bmt5.

RESULTS

RP-HPLC screening of putative RNA methyltransferases
revealed m3U methyltransferases

25S rRNA of S. cerevisiae has been reported to contain
eight base methylations, two m1A, two m5C, two m3U and
two m5U (8,28). Recently, except uridine methylations,
enzymes for both adenine (m1A) and cytosine (m5C)
methylation have been identified (8,12,13).

To identify the enzymes responsible for remaining m3U
and m5U methylations, we biochemically analyzed single-
gene deletion mutants of all uncharacterized RNA
methyltransferases. For the analysis, 25S rRNA from
each deletion mutant was isolated as described in
‘Materials and Methods’ section and their composition
was analyzed using RP-HPLC. Interestingly, as seen in
Figure 1, in the deletion mutant of Dyil096c and
Dylr063w, the peak corresponding to the m3U reduced
to half and disappeared completely in the double mutant
Dyil096cDylr063w, suggesting that Yil096c and Ylr063w
are involved in the methylation of the m3U residues.

Mung bean nuclease assay for the identification of the
targets of Yil096c and Ylr063w

25S rRNA of yeast contains two m3U residues at position
2634 in the helix 81 and at position 2843 in the helix 89
(Figure 2). Therefore, to determine the nucleotide position
at which the m3U modification was missing in Dylr063w
and Dyil096c mutants, a mung bean nuclease protection
assay was performed.

Synthetic oligonucleotides complementary to
nucleotides 2613–2657 (Oligo-2634) and 2820#2866
(Oligo-2843), corresponding to position 2634 and 2843,
respectively, were designed (Figure 3A). The 25S rRNA
from Dyil096c and Dylr063w, and wild-type cells were next
hybridized to these oligonucleotides and subjected to
nuclease digestion. Six independent experiments using
oligonucleotides corresponding to two different m3U pos-
itions were performed. Because only these fragments were
protected due to double-stranded conformation, both
m3U modifications could be separated and addressed
independently. These protected RNA-DNA hybrid frag-
ments were then separated from rest of the debris and
from each other using 8M-urea PAGE gels.
These RNA fragments were next subjected to RP-

HPLC analysis for the presence of m3U methylation.
As expected, in the wild-type cells, m3U methylation was
present in both fragments corresponding to m3U2634 and
m3U2843 (Figure 3B and D). However, in the Dyil096c
mutant, only m3U2634 methylation was missing
(Figure 3C). The m3U2843 methylation in Dyil096c
remained unaffected (data not shown). Interestingly, in
Dylr063w mutant, only m3U2843 methylation was absent
(Figure 3D), whereas the m3U2634 methylation remained
unaffected (data not shown). Our results clearly exhibited
the involvement of Yil096c in m3U2634 and Ylr063w in
m3U2843 methylation.

Primer extension analysis of the m3U2634 and m3U2843
methylations of the 25S rRNA

The methylation of the uridine at N3 blocks the Watson–
Crick base pairing, and results in a strong stop in the
primer extension analysis. Therefore, to further augment
the role of Yil096c and Ylr063w in the methylation of m3U
residues and validate the positions of the m3U modifica-
tions in the 25S rRNA, we performed the primer extension
analysis with the 25S rRNA isolated from the Dyil096c and
Dylr063w deletion mutants. As evident in Figure 4, the
presence of m3U at position 2843 and 2634 in the 25S
rRNA from the wild-type cells led to a strong stop at
position 2844 and 2635. However, the absence of stop at
position 2844 in deletion mutant Dylr063w (Figure 4A) and
at position 2635 in deletion mutant Dyil096c (Figure 4B)
demonstrated that Ylr063w and Yil096c are involved in the
methylation of m3U2843 and m3U2634, respectively. Our
primer extension analysis further validated the substrate
specificities of Yil096c and Ylr063w in vivo as revealed by
mung bean nuclease assay and verified the position of the
m3U methylations in the 25S rRNA.
Once, it became apparent that Yil096c and Ylr063w are

the proteins involved in the base methylation at U2634
and U2843 of 25S rRNA. We decided to name gene and
YIL096C as BMT5 (Base methyltransferase of twenty
five S rRNA 5) and YLR063w as BMT6 (Base
methyltransferase of twenty five S rRNA 6).

Bmt5 and Bmt6 are predicted to be Rossmann-fold–like
methyltransferase

The amino acid sequence analysis along with 3D modeling
of both Bmt5 and Bmt6 demonstrated that both proteins
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belong to Rossmann-fold–like methyltransferases charac-
terized by a central seven-stranded b-sheet that is
flanked by three helices on each side (Supplementary
Figure S1) (29).
As far as the conservation of the Bmt5 and Bmt6 is

concerned, our searches of the nonredundant sequence
database at NCBI using PSI-BLAST indicated that both
Bmt5 and Bmt6 orthologs are conserved in members of
lower eukaryotes (Supplementary Figures S2 and S3).

Bmt5 (Yil096c) and Bmt6 (Ylr063w) methylate m3U2634
and m3U2843, respectively, in vivo

To confirm Bmt5 and Bmt6 to be methyltransferase
(MTases) involved in performing m3U methylations,
gene complementation analysis was conducted. The
plasmids pSH24 and pSH29 carrying C-terminally
heptahistidine-tagged Bmt5 and Bmt6, respectively, were
transformed into Dbmt5Dbmt6 double mutant. The 25S
rRNA from these transformed strains were then isolated
and the composition of 25S rRNA was analyzed with

RP-HPLC. As seen in Figure 5A and C, episomally
expressed Bmt5 as well as Bmt6 were able to perform
the m3U modification in vivo, seen as appearance of
m3U residues in the double mutant.

To corroborate direct involvement of Bmt5 and Bmt6 in
performing m3U modifications, we created mutant alleles
for Bmt5 and Bmt6, where we exchanged the amino acids
in the highly conserved SAM binding domain of both
proteins. The point mutations were generated on
plasmid pSH24 and pSH29, so that the expression of the
mutant proteins could be analyzed with a western blot
using anti-His antibodies. The plasmids pSH24-a (bmt5-
G182R) and pSH29-b (bmt6-G294R) carrying mutant
allele for Bmt5 and Bmt6, respectively, were then trans-
formed into the Dbmt5Dbmt6 double mutant. The com-
position of the 25S rRNA from these transformed
strains were next analyzed by RP-HPLC. Interestingly,
as seen in Figure 5B, exchange of G182R in Bmt5
resulted in drastic reduction in the amount of m3U
residues, and the exchange of G294R in Bmt6 completely
abolished the m3U methylation (Figure 5D). The western

Figure 1. RP-HPLC screening of the mutants for identification of m3U methyltransferase. The 25S rRNA from mutants and isogenic wild type were
digested to nucleosides using P1 nuclease and alkaline phosphatase. Nucleosides obtained after digestion was then analyzed by RP-HPLC. For
optimum separation of m3U residues, we changed the elution conditions to an isocratic mode using 50% buffer A (2.5% methanol) and 50%
buffer B (20% methanol). RP-HPLC chromatogram from the wild type (A), Dyil096c (B), Dylr063w (C) and Dyil096cDylr063w (D) mutants. The
peak corresponding to the m3U with a retention time of !9min reduces to half in both Dyil096c and Dylr063w mutants and disappears in double
mutant Dyil096cDylr063w, highlighting the involvement of these two methyltransferases in m3U methylations of the 25S rRNA.
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blot exhibited no differences in the protein expression of
the mutant proteins compared with wild-type Bmt5 and
Bmt6 (Supplementary Figure S4). Apart from bmt5-
G182R and bmt6-G294R, we also tested other point
mutants of Bmt5 and Bmt6, bmt5-D138A and bmt6-
G283R for expression analysis. The point mutations in
SAM binding motif for both Bmt5 and Bmt6 did not
affect the expression of the respective mutant proteins.
Taken together, our results confirmed that Bmt5 and
Bmt6 catalyzes the m3U methylation of the 25S rRNA.

Bmt5 binds SAM in vitro

To demonstrate that Bmt5 and Bmt6 bind to SAM
in vitro, both BMT5 and BMT6 genes were cloned into
pPK591 and were expressed heterologously in Escherichia
coli as explained in ‘Materials and Methods’ section. The
recombinant DNA obtained codes for an N-terminal
6xHis-Smt3-tag fusion protein, which allowed easy purifi-
cation by metal affinity chromatography. As seen in
Supplementary Figure S5, the Bmt5 protein was purified
to homogeneity by Ni-NTA affinity chromatography
followed by cation exchange chromatography. The
purified Bmt5 was then analyzed for SAM binding
assay, using iTC as described in ‘Materials and
Methods’ section. Interestingly, as evident in the
Figure 6, the purified Bmt5 bind SAM in vitro with Kd

value of 109±10.8 mM. Unfortunately, although success-
fully expressed in E. coli, Bmt6 precipitated during the
purification step (data not shown) and we failed to
retrieve sufficient amount of protein for the subsequent
analysis.
Once it became clear that heterologously expressed

Bmt5 binds to SAM in vitro, we next examined Bmt5 for
in vitro methylation reaction using SAM 510TM

methyltransferase kit (G-Biosciences) and 60S subunits
(isolated from Dbmt5 strain by sucrose gradient centrifu-
gation) as substrate. Unexpectedly, we failed to observe
any methyltransferase activity of the heterologous Bmt5
in vitro. We conjecture that this might be due to different
conformation and composition of mature 60S subunit in
the cytoplasm, used in the reaction as compared with the
pre-60S subunit in nucleolus where Bmt5 catalyzes the
m3U2634 methylation.

Cellular localization of Bmt5 and Bmt6

The subcellular localization of the enzymes can provide
important information about their biological functions.
The cellular localization of both proteins were previously
analyzed in a high-throughput analysis (26). To further
validate the cellular localization of Bmt5 and Bmt6,
plasmids pSH22 (Bmt5-GFP) and pSH28 (Bmt6-GFP)
were constructed, where Bmt5 and Bmt6 were expressed

Figure 2. Location of m3U methylations in the ribosomal RNA. (A) 3D cartoon of the rRNA structure of ribosome. The 18S rRNA is colored light
blue, whereas the 25S rRNA is shown in orange. The m3U2634 residue is displayed in green spheres (i) and the residue m3U2843 is highlighted in red
spheres (ii). (B) Cartoon representing the helix 81 (i) and 85 (ii) of the 25S rRNA. The RNA is colored in orange and the modified bases U2634 and
U2843 are shown as green and red spheres, respectively. The cartoon was made using PyMol software (PyMOL Molecular Graphics System, Version
1.2r3pre, Schrödinger, LLC) with PDB files, 3U5B.pdb and 3U5D.pdb.
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Figure 3. Mung bean nuclease protection assay. (A) Graphic representation of Mung bean nuclease protection assay used in the present study for the
analysis of specific position of modified m3U nucleoside in the Dyil096c and Dylr063w mutants. RP-HPLC chromatogram of the nucleosides derived
from protected RNA fragments. Specific fragments of the 25S rRNA from wild type, Dyil096c and Dylr063w corresponding to both m3U2634 and
m3U2843 were isolated. The status of m3U residue in these fragments were then analyzed by RP-HPLC. (B) RP-HPLC chromatogram of the
fragment corresponding to m3U2634 isolated from the wild type and (C) from Dyil096c. (D) RP-HPLC chromatogram of the fragment corresponding
to m3U2843, isolated from the wild type and (E) from Dylr063w. As evident from the chromatograms, the m3U2634 methylation is absent in
Dyil096c, whereas m3U2843 is missing in Dylr063w. This clearly demonstrated that Yil096c and Ylr063w are involved in the methylation of m3U2634
and m3U2843, respectively.

3252 Nucleic Acids Research, 2014, Vol. 42, No. 5

 at Frankfurt U
niversity Library, Section Stadt- und U

niversitaetsbibliothek on M
arch 12, 2014

http://nar.oxfordjournals.org/
D

ow
nloaded from

 

173

http://nar.oxfordjournals.org/
http://nar.oxfordjournals.org/


as GFP fusion protein. The plasmids were then trans-
formed into a strain where Nop56, a nucleolar protein,
was expressed as a RFP fusion protein. The cells express-
ing GFP-fusion protein were next observed with the help
of a confocal Leica TCS SP5 microscope. Intriguingly, as
evident in Supplementary Figure S6, Bmt5 localizes exclu-
sively in the nucleolus, whereas Bmt6 localizes predomin-
antly in cytoplasm with seemingly few molecules in
nucleus. To rule out any mislocalization of Bmt5 and
Bmt6 because of being expressed as GFP fusion
proteins, we tested the functionality of both Bm5-GFP
and Bmt6-GFP fusion proteins for performing m3U
methylation in vivo. Both Bmt5-GFP and Bmt6-GFP
fusion proteins turned out to be capable of catalyzing
the m3U methylations in vivo (data not shown).

We next analyzed both Bmt5 and Bmt6 for their
association with ribosomal or preribosomal particles

by sucrose gradient centrifugation. Bmt5 and Bmt6 TAP-
tagged strains (Thermo-Fischer) were used for the analysis
of co-sedimentation with ribosomal and preribosomal par-
ticles. Polysome profiles from the respective strains were
made and the fractions corresponding to free pool, 40S,
60S, 80S, preribosomes and polysomes were collected
and precipitated for western blotting using PAP antibody.
Interestingly, as observed in Supplementary Figure S6C,
both Bmt5 and Bmt6 co-sediments with the ribosomal/
preribosomal particles. For Bmt6, a significant amount of
protein was observed to be present in the free cytoplasmic
free pool. Minor bands of both Bmt5 and Bmt6 TAP-
tagged proteins were also detected at positions correspond-
ing to complexes of !40S and lower, suggesting that
both proteins not only interact with ribosomal particle
but also with other smaller complexes. Similar
sedimentation patterns have also been observed for other

Figure 4. Primer extension analysis. To further substantiate the role of Yil096c and Ylr063w in the methylation of m3U residues and validate the
positions of the m3U modifications in the 25S rRNA, we performed the primer extension analysis with the 25S rRNA isolated from Dyil096c and
Dylr063w deletion mutants along with isogenic wild type. The methylation of the uridine at N3 blocks the Watson–Crick base pairing, and results in
a strong stop in the primer extension analysis (A) The presence of m3U at position 2843 in the 25S rRNA from the wild type and Dyil096c cells led to
a strong stop at position 2844. However, this stop was absent in Dylr063w deletion mutant. (B) Similarly, owing to presence of an m3U residue at
position 2634, a strong stop at position 2635 was observed in wild type and Dylr063w but was missing in Dyil096c deletion mutant. The positions
of the methylated residues were determined accurately from running side by side a sequencing ladder (data not shown), is given on the sides of the
gels, and the bands of interest are shown with arrows. This clearly validated the specific involvement of Ylr063w and Yil096c in the methylation
of m3U2843 and m3U2634, respectively. Both helices 81 and 89, carrying m3U residues (marked with an arrow) are displayed on left of the panel A
and B.

Nucleic Acids Research, 2014, Vol. 42, No. 5 3253

 at Frankfurt U
niversity Library, Section Stadt- und U

niversitaetsbibliothek on M
arch 12, 2014

http://nar.oxfordjournals.org/
D

ow
nloaded from

 

174

http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt1281/-/DC1
s
s
%20
http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt1281/-/DC1
%20
approximately%20
http://nar.oxfordjournals.org/
http://nar.oxfordjournals.org/


base methyltransferases and some of the trans-acting
factors involved in ribosome biogenesis (13,30).

Bmt6 TAP co-immunoprecipitates Nop2

To further demonstrate the interaction of Bmt6 with the
preribosomal particles and its minor, yet significant,
nuclear localization, we immunoprecipitated the total
cell extract from Bmt6-TAP–tagged strain using IgG
sepharose and analyzed its interaction for Nop2, a nucle-
olar protein by western blotting. The reason for selecting
Nop2 was its already well-characterized nucleolar localiza-
tion and its active involvement in ribosome biogenesis,
especially 60S subunit. Moreover, since the residues
catalyzed by Bmt6 (U2843) and Nop2 (C2870) are in
close proximity, we hypothesized that if Bmt6 is present
in the pre-60S particle, there is a high chance of Bmt6 and

Nop2 to be present in the same complex. Remarkably, as
evident in Figure 7, Bmt6-TAP specifically immunopre-
cipitated Nop2, suggesting that like Nop2, Bmt6 is also
a part of pre-60S particle and seemingly catalyze the
methylation of U2843 during early maturation steps of
60S biogenesis. Interestingly, Planta’s lab has previously
demonstrated that both uridine methylations are per-
formed early during the maturation of 60S subunits in
nucleus (4).

Growth, polysome profiles and rRNA processing analysis
of Dbmt5 and Dbmt6

In our previous studies with the adenine and cytosine
methylations, we discovered that the loss of methylation
influences growth, antibiotic sensitivity and ribosome bio-
genesis. To investigate any such influence of the m3U

Figure 5. Gene complementation and analysis of methyltransferase dead mutants of Bmt5 and Bmt6. To confirm Bmt5 and Bmt6 to be MTases
involved in performing m3U methylations, gene complementation analysis was conducted. The plasmids pSH24 and pSH29 carrying C-terminally
heptahistidine-tagged Bmt5 and Bmt6, respectively, were transformed into Dbmt5Dbmt6 double mutant. The 25S rRNA from these transformed
strains were then isolated and composition of 25S rRNA was analyzed with RP-HPLC. (A) Chromatogram of the 25S rRNA isolated from
Dbmt5Dbmt6 strain carrying C-terminally heptahistidine-tagged Bmt5 (pSH24). (C) Chromatogram of the 25S rRNA isolated from Dbmt5Dbmt6
carrying N-terminally heptahistidine-tagged Bmt6 (pSH29). Both episomally expressed Bmt5 and Bmt6 could methylate their respective targets
in vivo, seen as appearance of m3U peak in the RP-HPLC chromatogram. Furthermore, to corroborate the direct involvement of Bmt5 and
Bmt6 in performing the m3U modifications, we created mutant alleles for Bmt5 and Bmt6, where we exchanged amino acids in the highly conserved
SAM binding domain of both proteins. (B) RP-HPLC chromatogram from the nucleosides derived from 25S rRNA of Dbmt5Dbmt6 strain carrying
mutant bmt5-G182R protein, expressed from plasmid pSH24a. (D) RP-HPLC chromatogram from the nucleosides derived from the 25S rRNA of
Dbmt5Dbmt6 carrying mutant protein bmt6-G294R, expressed from plasmid pSH29a. The substitution of G182R in Bmt5 resulted in significant
reduction in the amount of m3U residues, whereas the exchange of G294R in Bmt6 completely abolished the catalytic function of Bmt6.
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modifications on cellular physiology, we initially analyzed
the growth of single deletion mutants at different tempera-
tures. Surprisingly, as shown in Figure 8A, loss of both
bmt5 and bmt6 did not impair the growth of the cells at 30,

37 and 19!C on YPD media. We next analyzed the anti-
biotic sensitivity for both Dbmt5 and Dbmt6. The loss of
bmt5 and bmt6 did not exhibit any hypersensitivity to
paromomycin and anisomycin (data not shown). We
also performed the same analyses with Dbmt5 Dbmt6
double mutant and did not observe any growth defects
and antibiotic hypersensitivity (data not shown).
To analyze the effect of loss of these modifications on

ribosome synthesis and translation, we examined the
polysome profiles of both deletion mutants. As observed
in Figure 8B, absence of these modifications did not
disturb ribosomal stoichiometry and affect translation.
We also analyzed rRNA processing in both Dbmt5 and
Dbmt6 by northern blotting. Parallel to polysome
profiles, we did not observe any change in the pattern of
rRNA processing in Dbmt5 and Dbmt6 (Figure 8C).

Yeast 25S rRNA does not contain any m5U residue

Yeast 25S rRNA was reported to contain two m5U
residues at positions 956 and 2924 in the helices 37 and
92, respectively (Supplementary Figure S7). To character-
ize and identify enzymes associated with these m5U base
methylations of 25S rRNA, we analyzed the composition
of 25S rRNA isolated from the yeast wild-type strain.
Surprisingly, as evident from Figure 9A, we could
not detect any m5U nucleosides, which was in contrast
to previous reports (21,22) and as mentioned at
database (3D Ribosomal Modification Maps Database,

Figure 6. Bmt5 binds SAM in vitro. To demonstrate SAM binding of Bmt5, the heterologously expressed Bmt5 was purified to homogeneity by Ni-
NTA and cation exchange chromatography and its binding was analyzed by iTC. The left panel display titration of SAM into the Bmt5 protein
(sample cell). The upper panel shows the baseline-corrected titration data, and the lower panel shows the binding isotherm fit to a model for a single
SAM binding site. The right panel shows different parameters calculated from the titration analysis. The heat signals obtained from iTC were
analyzed using Origin software supplied by Micro Cal yielding the stoichiometry (N), the equilibrium association constant Ka as well as the enthalpy
(!H) and the entropy (!S) of binding. Bmt5 binds SAM with a Kd of 109±10.8mM.

Figure 7. Bmt6 interacts with Nop2 in vivo. To demonstrate the inter-
action of Bmt6 with the preribosomal particles and its minor nuclear
localization, we immunoprecipitated the total cell extract from Bmt6-
TAP–tagged strain using IgG sepharose and analyzed its interaction for
Nop2 by western blotting. (A) Western blot with PAP antibodies. (B)
Western blot with anti-Nop2 (EnCor Biotechnology, Florida, USA)
followed by anti-mouse IgG-conjugated horseradish peroxidase (Bio-
Rad; 1:10 000 dilution). The samples in the different lanes of the gels
are crude extract (total cell extract), flow through (unbound cell
extract) and wash fraction 6 (the beads were washed six times with
IPP-150 buffer) and eluate.

Nucleic Acids Research, 2014, Vol. 42, No. 5 3255

 at Frankfurt U
niversity Library, Section Stadt- und U

niversitaetsbibliothek on M
arch 12, 2014

http://nar.oxfordjournals.org/
D

ow
nloaded from

 

176

s
&deg;
&deg;
s
s
s
x
http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt1281/-/DC1
%20
http://nar.oxfordjournals.org/
http://nar.oxfordjournals.org/


http://people.biochem.umass.edu/fournierlab/3dmodmap/
main.php). Initially, the absence of m5U modification was
seen as a technical limitation. Previous studies have shown
that similar retention time of Guanosine (G) and m5U
make it difficult to separate the m5U residues from G
(31). Moreover, since the amount of G derived from any
given amount of 25S rRNA is higher than m5U residues,
there is always a possibility of m5U being hidden under the

G peak. Therefore, to rule out any technical limitation, we
analyzed the resolution of our RP-HPLC chromatogram
in terms of separating G and m5U residues. For the reso-
lution check, we made use of pure m5U residues (Berry
and Associates Inc. Dexter, MI, USA). Since, 25S rRNA
was predicted to contain two m5U residues, we next
calculated the amount of two m5U residues expected
to be derived from 70 mg of 25S rRNA, using m1A as

Figure 8. Growth, polysome and rRNA processing analysis for Dbmt5 and Dbmt6 mutants. (A) Ten-fold serial dilutions of the strains were spotted
onto solid YPD plates and were incubated at different temperatures. (B) Polysome profile of isogenic wild type (WT), Dbmt5 and Dbmt6 mutant.
(C) Illustration for the 35S primary transcript. 35S rRNA contains 18, 5.8 and 25S rRNA sequences separated by ITS1 and ITS2. The processing of
the 35S precursor to mature rRNA involves endonucleolytic and exonucleolytic steps at specific sites. (D) Northern blot analysis of the Dbmt5 and
Dbmt6 mutant. The membrane was hybridized with radioactive (32P) labeled probes for ITS1, (f) for panel (i) and (e) for panel (ii), for ITS2, (i) for
panel (iii) and to oligonucleotides specific to 18S (d) and 25S rRNA (j) for panel (iv). Loss of m3U methylations does not influence the growth and
rRNA processing.
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a control. The reason for selecting m1A, as a control was
similar extinction coefficient of adenosine and uridine at
254 nm and equal number of residues expected to be
present in the 25S rRNA (32). The amount turned out
to be !50 ng for two m5U residues.

To check the retention time and peak area of purified
m5U, 50 ng of m5U was loaded on to the column. As seen
in Figure 9B, m5U carried the retention time of !18min,
close to G (!19.5min). Also, the peak area of 50 ng
of m5U was comparable with the peak area of two m1A
residues (derived from 70 mg of 25S rRNA).

Next, we added 50 and 25 ng of pure m5U residues
to the nucleosides mixture derived from the 70 mg of
25S rRNA and performed the RP-HPLC analysis.
Surprisingly, as seen in Figure 9C and D, we could not
only resolve and detect a peak corresponding to m5U
modification, but could also rule out the presence of any
m5U modified base in the 25S rRNA. Had there been any
modification, we should have seen a doubling of the peak
area on adding additional 25 and 50 ng pure m5U residues.

We also performed similar analysis with the 25S rRNA
isolated from the cells grown to different growth phases
(exponential, mid-stationary and stationary) and did not
observe any m5U residues (data not shown). To further
validate the absence of m5U from the rRNA we also
analyzed the 25S rRNA by mass spectrometry. The mass
spectrometry analysis further validated the absence of
m5U residues (data not shown). Our results clearly
exhibited that the 25S rRNA of S. cerevisiae does not
contain any m5U methylation.

DISCUSSION

Owing to the absence of easily discernible phenotypes, the
base methyltransferases of the 25S rRNA remained elusive
for a long time. Only recently, we have been able to
identify most of these base methyltransferases by using
RP-HPLC screening of the deletion mutants of putative
methyltransferases. In the present study, we analyzed
the m3U and m5U methylations of the 25S rRNA and

Figure 9. 25S rRNA of yeast does not contain any m5U residue. (A) RP-HPLC chromatogram of 25 S rRNA displaying modified bases, m1A, m5C
along with C, G and U. Surprisingly no m5U residue was detected in the chromatogram. (B) RP-HPLC chromatogram of yeast 25 S rRNA with
50 ng of m5U residues. (C) RP-HPLC chromatogram of yeast 25S rRNA with 25 ng of m5U residues. (D) RP-HPLC chromatogram of pure 50 ng
m5U residues. As evident from chromatograms (B) and (C) the m5U peak could be resolved and detected in our RP-HPLC setup. This clearly
demonstrates absence of m5U residues from the yeast 25S rRNA.
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demonstrated that yeast 25S rRNA contains two m3U
residues at positions 2634 and 2843 and does not
contain any m5U residues, as shown by Rudi Panta’s lab
in early 1973 (3). Mapping of m3U residues on the mature
60S subunit revealed that both residues are located in the
functionally conserved region of the 25S rRNA. The
m3U2634 is located in the helix 81 and the m3U2843 is
located in the helix 89 (Figure 2). Both helices 81 and 89
constitute the domain V of the 25S rRNA, responsible for
catalytic function of ribosome (33).
In here we identified Yil096c and Ylr063w, two previ-

ously uncharacterized proteins to be the enzymes respon-
sible for methylation of uridine residues at N-3 atom
(m3U). We named these two ORFs as Bmt5 and Bmt6,
YIL096C as BMT5 and YLR063w as BMT6.
Methylation is the most prevalent modification in

rRNA. Base methylation fosters base stacking by
increasing the hydrophobicity and expanding the
polarizability. Methylation also influences the structure
by increasing steric hindrance, blocking hydrogen bonds
(e.g. at Watson–Crick positions) and providing positive
charge to the nucleosides, which in turn effect the
hydrogen bonding (34). We demonstrated by primer ex-
tension analysis that m3U indeed hinders the Watson–
Crick base pairing. Therefore, it is tempting to speculate
that methylation of specific uridines at N3 atoms prevent
undesirable base pairing in rRNA that might disturb the
conformation of RNA, especially near the catalytic center.
Intriguingly, until now the methylation of uridine at N3

atom (m3U) has only been discovered in the rRNA. rRNA
from all three kingdoms of life contain m3U residues. The
human 28S rRNA has also been reported to contain a
single m3U residue at position 4513. Similarly, a single
m3U residue in the 23S rRNA of an archaea Sulfolobus
solfataricus and a single m3U in the 16S rRNA of E. coli
have also been identified. Surprisingly, apart from E. coli,
m3U methyltransferases from other organisms remained
elusive. RsmE, the only hitherto known m3U methyl-
transferase, is a SPOUT methyltransferase that catalyzes
the methylation of m3U1498 in the 16S rRNA of E. coli.
Contrastingly, the amino acid sequence of Bmt5 and Bmt6
revealed that both proteins belong to Rossmann-like fold
protein family. Supportingly, the in silico 3D model of
Bmt5 and Bmt6 further illustrated that both proteins
contain characteristic central seven-stranded b-sheet,
flanked by three helices on each side characteristic of
Rossmann-like fold protein family (Supplementary
Figures S1 and S2). Moreover, in the present study, we
also demonstrated that the substitution of highly conserved
glycine residues in the SAM binding motif of both Bmt5
and Bmt6 with arginine abolishes the catalytic function of
the protein. Proteins with highly significant similarity also
exist in other lower eukaryotes including yeasts like
Schizosaccharomyces pombe, Neurospora crassa and
Kluyveromyces lactis (Supplementary Figures S2 and S3).
The Bmt5 and Bmt6 homologs are likely performing the
same function in these organisms.
Ribosome biogenesis is a complex multistep process,

where modifications are introduced both co-transcription-
ally and posttranscriptionally on to the rRNA molecules,
before its assembly into subunits (6). The synthesis of

some modifications, however, requires specific conform-
ations of pre-RNA available only in fully or partial
assembled subunits. This might also be the reason why
we failed to observe any significant methyltransferase
activity of heterologous Bmt5 using mature 60S
subunits. Proteomics and structure analysis (rRNA) of
preribosomal particles have revealed that precursors of
ribosomal subunits differ both in composition and con-
formation as compared with mature subunits (35,36).
Also, as ribosome biogenesis is a highly dynamic process
with several fleeting interaction of different trans-acting
factors, identification of the in vitro substrates for the
base methyltransferases is a major challenge.

In the present study, we also provide some evidences for
the site and timing of m3U methylations. The nucleolar
localization of Bmt5 along with its preribosomal associ-
ation made it apparent that the Bmt5-mediated m3U2634
methylation is performed early during the synthesis of 60S
subunits. Likewise, even though Bmt6 is predominantly
located in the cytoplasm, the Nop2 Bmt6 interaction
suggests that Bmt6-catalyzed m3U2843 methylation is ap-
parently performed in the nucleus, suggesting that Bmt6
is a nucleocytoplasmic protein. Interestingly, previous
studies have also assigned a similar chronology to the
m3U methylations (4). As far as nucleocytoplasmic
localization of Bmt6 is concerned, further studies are
required to decipher any role of Bmt6 in cytoplasm.

The base methylations influences the antibiotic sensitiv-
ity and also impacts the synthesis of 60S subunits (8,13).
Surprisingly, for these two uridine methylations, we could
not discover any such phenotypes. Therefore, the
question, what are the significances of these modifications
in ribosomal function, remained open.

The existence of m5U was dubious right from the
beginning, where Bakin et al. only speculated the
presence of a possible m5U modification at positions
956 and 2924 of the 25S rRNA (21). The assumption was
solely based on the chemical reactivity to L-cyclohexyl-3-(2-
morpholinoethyl)-carbodiimide metho-p-toluenesulfonate
(CMC)-OH without any further chemical characterization
by RP-HPLC or mass spectrometry. Similarly, Lapeyre
et al. also could not validate the presence of any m5Umodi-
fications (22). On the contrary, Planta’s lab showed expli-
citly that the 25S rRNA of the yeast does not contain any
m5U methylation (3).

Previous studies have proposed that the RNA m5U
methyltransferases appear to have appeared in bacteria
and were then dispersed by horizontal transfer of an
rlmD-type gene to the Archaea and Eukaryota (37). As
far as eukaryotes are concerned, 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 modification
of tRNAs at position 54 (31). Up till now, Trm2 has not
been observed to display any interaction with the rRNA in
yeast. We also analyzed the 25S rRNA of Candida albicans
and S. pombe and like S. cerevisiae we could not detect
any m5U residues (data not shown). Similarly, rRNA
modification analysis of higher eukaryotes performed
elsewhere also did not identify any m5U residues in the
large or small rRNA (38). Taken together, this would
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apparently suggest that during the course of evolution,
m5U methylations have disappeared in rRNA of
eukaryotes.

In summary, we showed that Bmt5 and Bmt6 are the
Rossmann-fold–like methyltransferases that catalyze the
m3U2634 and m3U2843 methylations of the 25S rRNA,
respectively. Furthermore, we demonstrated that the 25S
rRNA of yeast does not contain any m5U methylation as
previously predicted. With these two methyltransferases,
the enzymes for all currently known base methylation of
the 25S rRNA have been identified. The knowledge of
these base methyltransferases along with their substrate
specificities will foster the future structural and functional
analysis of the significance of these modifications in the
functionality of the ribosomes.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online.
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Figure S1. Structural model of Bmt5 and Bmt6. (A) Cartoon representing the 3D structure 

of Bmt5 and (B) Bmt6. The model was constructed using the protocol described by Kelley 

et.al (2009) (24). The 3D structure was constructed with sequence coverage of 100%, where 

all residues from Bmt5 and Bmt6 were modelled with 99.3% confidence by the single highest 

scoring template. This model further reinforced Bmt5 and Bmt6 to be SAM (S-adenosyl 

methionine) dependent methyltransferase belonging to Rossmann-fold superfamily. Highly 

conserved glycine residues, indispensible for the methylation reaction are labelled in red 

colour.
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Figure S2. Bmt5 homology among different yeasts. The amino acid sequence of Bmt5 

from S. cerevisiae, K. lactis, S.pombe and N.crassa were aligned using ClustalW2 (EMBL-

EBI) and the alignment file was analyzed with EsPript 2.2. Bmt5 protein is highly conserved 

among these organisms.  
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Figure S3. Bmt6 homology among different yeasts. The amino acid sequence of Bmt6 

from S. cerevisiae, K. lactis, N.crassa and A. gossypii were aligned using ClustalW2 (EMBL-

EBI) and the alignment file was analyzed with EsPript 2.2. Bmt6 protein is highly conserved 

among these organisms. 
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Figure S4. Western blot analysis of the Bmt6 and Bmt5 point mutants. The expression 

of both Bmt5 and Bmt6 along with the point mutants were analysed by Western blotting 

using anti-His antibodies as described in Materials and Methods. The blot shown in panel A 

was developed using Typhoon 9400 (GE Life sciences), whereas the blot in panel B was 

developed using X ray film. Apart from bmt5-G182R and bmt6-G294R, we also tested other 

point mutants of Bmt5 and Bmt6, bmt5-D138A and bmt6-G283R for expression analysis. As 

observed in the Western blot, point mutations did not influence the expression of respective 

mutants of both Bmt5 and Bmt6. 
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Figure S5. Purification of Bmt5.  Protein samples were analyzed by SDS-PAGE. (A). 

Purification of 6xHis-Smt3-Bmt5 (MW 53.4 kDa) over NiNTA IMAC. Gel lanes with different 

samples (L) Lysate, (P) Sediment, (M) Protein marker (7µl), (F) flow through, (W1-W3) 

washing fractions with wash buffer, (W4-W6) washing fraction with 10mM imidazole, (E1, E2) 

Elution with 100 mM imidazole and (E3) Elution 500 mM imidazole were loaded on to 10% 

SDS-PAGE gel and was stained with Coomassie staining. (B) Bmt5 and 6xHis-Smt3 tag 

were separated by cation exchange chromatography as explained in Materials and Methods. 

The 6xHis-Smt3 tag of the 6xHis-Smt3-Bmt5-fusion protein was cleaved by Ulp1 enzyme. 

Bmt5 protein with molecular weight of 39.4 kDa was eluted with 1M NaCl (elution fraction 

E3), marked with a black arrow. The protein samples in different gel lanes are (M) Protein 

marker (7µl), (C) protein before cleavage, (F) primary flow through, (E1) elution with PBS 400 

mM NaCl, (E2) elution with 800 mM NaCl, (E3) elution with 1000 mM NaCl and (E4) elution 

with 1200 mM NaCl. 

 



 

Supplementary data 187  

 
 

Figure S6. Cellular localisation and sedimentation profiles of Bmt5 and Bmt6. To test 

the cellular localization of Bmt5 and Bmt6, plasmids pSH22 (Bmt5-GFP) and pSH28 (Bmt6-GFP) were 

transformed into strain ScNop56-mRFP and visualized with Leica TCS SP5.  (A) Cells carrying Bm5-

GFP and (B) Bmt6-GFP in a strain where Sik1-mRFP is used as a reporter for the nucleolus. (C) 

Sedimentation pattern of TAP-tagged Bmt5 and Bmt6 on sucrose gradient (10% to 50%). Two sucrose 

gradients with the cell extract from Bmt5-TAP tagged strain and Bmt6-TAP tagged strain were made 

(only one from Bmt6-TAP shown here). Both Bmt5-TAP and Bmt6-TAP proteins were detected by 

Western blotting using PAP (peroxidase anti peroxidase) antibody. 
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Figure S7. Secondary structure of yeast 25S rRNA.  25S rRNA has been predicted to 

contain two m5U residues at position 956 in the helix 37 (A) and at position 2924 in the helix 

92 (B). The files for secondary structure were taken from (http://www.rna.icmb.utexas.edu/). 
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Table S1: Strains and plasmids used in the present study 

Strain/ Plasmid Genotype Origin 

Y02674 
BY4741; MATa; his3!1; leu2!0; met15!0; ura3!0; 

YLR063w::kanMX4 
EUROSCARF 

Y01487 
BY4741; MATa; his3!1; leu2!0; met15!0; ura3!0; 

YIL096C:: up-kanMX4 
EUROSCARF 

BY.PK1134-18B 
BY4742; MATa; his3!1; leu2!0; lys2!0; ura3!0; YLR063W:: 

up-kanMX4-down YIL096C:: up-URA3-down 
This study 

ScNop56-mRFP 
MAT", his3!1, leu2!0, lys2!0, ura3!0 Sik1-RFP-KANMX6 

(in BY4742) 
(26) 

pSH22 
A derivative pUG35 plasmid carrying Bmt5-GFP fusion 

proteins 
This study 

pSH24 
A derivative pPK468 plasmid carrying Bmt5-7xHis fusion 

protein 
This study 

pSH25 
A derivative of pPK591 plasmid carrying mutant Bmt6-6xHis-

Smt3 under T7 promoter 
This study 

pSH26 
A derivative of pPK591 plasmid carrying mutant Bmt5-6xHis-

Smt3 under T7 promoter 
This study 

pSH28 
A derivative pUG36 plasmid carrying Bmt6-GFP fusion 

proteins 
This study 

pSH29 
A derivative pPK468 plasmid carrying Bmt6-7xHis fusion 

protein 
This study 

pSH24a 
A derivative pPK468 plasmid carrying bmt5-G182R-7xHis 

fusion protein 
This study 

pSH29a 
A derivative pPK468 plasmid carrying bmt6-G294R-7xHis 

fusion protein 
This study 

pSH24h 
A derivative pPK447 plasmid carrying Bmt5-7xHis fusion 

protein 
This study 

pSH29h 
A derivative pPK447 plasmid carrying Bmt6-7xHis fusion 

protein 
This study 

pPK468 
A multicopy plasmid carrying Ura3 as a marker for the 

expression of ORFs under TDH3 promoter in yeast. 

Peter Kötter 

(unpublished) 

pPK447 
A multicopy plasmid carrying His3 as a marker for the 

expression of ORFs under TDH3 promoter in yeast. 

Peter Kötter 

(unpublished) 

pPK591 
Plasmid for the heterologous expression in E.coli. The 

proteins are expressed as N-term. 6xHis-Smt3-fusion protein. 

Peter Kötter 

(unpublished) 
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Table S2: Oligonucleotides used in the present study 

 

 

 

 

Oligonucleotid

es 

Sequence 

pSH22 FP TACATAGATACAATTCTATTACCCCCATCCATACTCTAGAATGGCCAGGAAATTGAAGGG 

pSH22 RP TTGGGACAACACCAGTGAATAATTCTTCACCTTTAGACATGTCTGAATCAGAATCTGTGTC 

pSH24 FP ACCAAGAACTTAGTTTCGAATAAACACACATAAACAAACGATGGCCAGGAAATTGAAGGG 

pSH24 RP CTATAAAAAGAAAATTTATTTAAATGCAAGATTTAAAGTAGTTAGTGATGGTGATGGTGATGGTGGTC

TGAATCAGAATCTGTG 

pSH25 FP GAAGATAACGATATCATTGAGGCCCATCGTGAACAGATTGGTGGTATGTTGCTTATG

AGACGCTTTGC 

pSH25 RP AGCAGCCAACTCAGCTTCCTTTCGGGCTTTGTTAGCAGCCGGATCTTAGTTCTTGACATAAAGACG 

pSH26 FP GAAGATAACGATATCATTGAGGCCCATCGTGAACAGATTGGTGGTATGGCCAGGAAATTGAAGGG 

pSH26 RP AGCAGCCAACTCAGCTTCCTTTCGGGCTTTGTTAGCAGCCGGATCTTAGTCTGAATCAGAATCTGTG 

pSH28 FP TGCTGCTGGTATTACCCATGGTATGGATGAATTGTACAAAATGTTGCTTATGAGACGCTTTGC 

pSH28 RP GAGGGCGTGAATGTAAGCGTGACATAACTAATTACATGACTTAGTTCTTGACATAAAGACGG 

pSH29 FP ACCAAGAACTTAGTTTCGAATAAACACACATAAACAAACGATGCACCATCACCATCACCATCACTTG

CTTATGAGACGCTTTGC 

pSH29 RP TATAAAAAGAAAATTTATTTAAATGCAAGATTTAAAGTAG TTAGTTCTTGACATAAAGAC 

pSH24a FP GTTTTCAATTTTCCCCATAATAGAAAAGGTATTAAGGATCAAGAAA  

pSH24a RP TTTCTTGATCCTTAATACCTTTTCTATTATGGGGAAAATTGAAAAC 

pSH29a FP TCTCATACTAGAGAGTGCACGTAGCTATTCTCACATTACC 

pSH29a RP GGTAATGTGAGAATAGCTACGTGCACTCTCTAGTATGAGA 

Oligo-2634 CTTAGGACATCTGCGTTATCGTTTAACAGATGTGCCGCCCCAGCC 

Oligo-2843 GAATCAAAAAGCAATGTCGCTATGAACGCTTGACTGCCACAAGCCAG 

d CATGGCTTAATCTTTGAGAC 

e CGGTTTTAATTGTCCTA 

f GATTGCTCGAATGCCCAAAG 

i  CGCCTAGACGCTCTCTTCTTA 

j CTCCGCTTATTGATATGC 
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