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ABSTRACT OF THE DISSERTATION 

 

Identification and Biological Characterization of Ribosomal Protein   

Methyltransferases in Yeast and Humans  

by 

Qais Al-Hadid 

Doctor of Philosophy in Biochemistry and Molecular Biology 

University of California, Los Angeles, 2015 

Professor Steven G. Clarke, Chair 

 

 Post-translational modifications (PTMs) of proteins is key to the functionality of complex 

cellular processes.  Methylation is one of the most common PTMs in nature.  I have focused my 

work on protein methylation reactions that affect the translational machinery decoding 

messenger RNA sequences to protein sequences in the yeast Saccharomyces cerevisiae.  The 

biological roles of methylation of the messenger, transfer, and ribosomal RNA components of 

the translational machinery have been extensively studied and characterized.  However, much 

less is known about the prevalence and the biological roles of ribosomal protein methylation and 

the methyltransferases responsible for these modifications.  In this dissertation, I aimed to 

identify and characterize ribosomal protein methyltransferases in S. cerevisiae and humans and 

uncover their biological roles.   
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 Using intact mass spectrometry of ribosomal proteins isolated from wild type and 

putative methyltransferase mutants, the enzymes responsible for methylating the ribosomal 

proteins were identified.  The methylation sites on the ribosomal proteins were then pinpointed 

using top-down and/or bottom-up mass spectrometry followed by amino acid analysis of 

radiolabeled ribosomal proteins using cation-exchange and thin-layer chromatography. 

 We show that the yeast enzyme Ntm1 (N-terminal methyltransferase 1) is responsible for 

methylating ribosomal proteins Rpl12ab and Rps25a/Rps25b at their N-terminus.  BLAST 

analyses identified homologs of Ntm1 in higher eukaryotes, including humans (METTL11A).  

Methylation assays using yeast and mammalian extracts or recombinant forms of Ntm1 and 

METTL11A with synthetic peptides showed that these enzymes recognize an N-terminal XPK 

motif.  Many eukaryotic proteins have an XPK at their N-terminus and are known to be N-

terminally methylated.  We hypothesize that Ntm1 and its orthologs are responsible for these 

modifications.  We also identified and characterized a fungal-specific enzyme, ribosomal protein 

lysine methyltransferase 5 (Rkm5), and showed that it methylates ribosomal protein Rpl1ab at a 

lysine residue.  Rkm5 was able to methylate Rpl1ab bound to ribosomes and a synthetic peptide 

corresponding to the methylation region on Rpl1ab. 

 We also uncovered a histidine methyltransferase (Hpm1) and showed that it methylates 

the conserved ribosomal protein Rpl3.  This was a novel discovery because it was the first 

histidine methyltransferase described in the literature and the first report of histidine methylation 

in yeast.  We showed that Hpm1 can only methylate ribosome-associated Rpl3 in mature and 

nascent ribosomes in the cytoplasm and nucleus, respectively.  This was supported by the 

detection of histidine methylation in ribosome and nuclear fractions in vivo.  This indicated a 
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potential role of Hpm1 in ribosome biogenesis and/or translation.  Northern blot and polysome 

profile analyses showed that loss of Hpm1 results in pre-rRNA processing defects and a deficit 

of 60S large ribosomal subunits, demonstrating that Hpm1 plays a significant role in ribosome 

production.  Loss of Hpm1 also resulted in increased errors during translation elongation, 

suggesting that it also plays an important role in translation.  Analysis of a strain deficient in 

Rpl3 methylation showed that methylation of Rpl3 is dispensable for ribosome production but 

essential for accurate translation.  This revealed that Hpm1 is a multifunctional enzyme with 

independent roles in ribosome biogenesis and translation; the latter regulated by Rpl3 

methylation and the former by methylation of yet unknown proteins.  Similar analyses of all of 

the additional known ribosomal protein methyltransferases showed that most are involved in 

ribosome biogenesis and that all are important for translational fidelity. 
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CHAPTER 1 

 

Plan of the Dissertation 
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 Cellular function depends on the transfer of genetic instructions from DNA to an 

intermediary RNA and translation of this genetic code from nucleotides to a specific sequence of 

amino acids, which governs the functional fate of the protein.  As proteins are the primary 

driving force of cellular activities, organisms with more complex and diverse functions require 

more proteins to carry out these tasks.  Because genes encode proteins, it was thought that a 

linear relationship existed between the number of proteins and the number of genes and therefore 

more complex organisms would possess more genes.  Prior to the fruition of the human genome 

project in the past decade, relatively few genomes were sequenced and some estimates of the 

number of protein-coding genes in the human genome were well over 100,000.  However, after 

the daunting task of carefully cataloging the number of protein-coding genes in the human 

genome with the advent of more accurate and efficient gene sequencing technologies, it was a 

major surprise to everyone that the number was significantly reduced to ~ 21,000 (1).  This was 

very baffling if one considers that the nematode Caenorhabditis elegans has more protein-coding 

genes than humans (22,000) (2, 3) and the number of human genes is only ~ 5-fold higher than 

the bacterium Escherichia coli and ~ 3-fold higher than the yeast Saccharomyces cerevisiae.  It 

quickly became apparent that the one gene-one polypeptide hypothesis, proposed by George 

Beadle in 1941 (4), was grossly over-simplified and that additional mechanisms were in effect 

that were driving organismal complexity.  It was uncovered that a major mechanism promoting 

complexity was RNA metabolism, including alternative splicing giving rise to a variety of 

mRNA transcripts (5), alternative transcription initiation sites leading to mRNAs with different 

lengths (6), RNA editing (7), and alternative translation initiation sites (8).  This enables multiple 

functional outputs from a single protein-coding gene.  In addition, it has recently become more 

evident that non-coding RNAs are playing an important role in stimulating diversity (9); in fact, 
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using microarrays, it was shown that the majority of the cellular pool of human mRNAs lie 

outside protein-coding regions of the genome (10, 11).   In addition to RNA metabolism, 

chemical modifications to proteins following their synthesis, called post-translational 

modifications (PTMs), increase the functional output of the genome by several orders of 

magnitude (12).  Hence, from ~21,000 protein-coding genes in the human genome, RNA 

metabolism and PTMs result in the production of more than a million different protein products.  

These two mechanisms drive protein diversity and differentiate complex organisms from simple 

ones. 

 Proteins catalyzing post-translational modifications make up ~ 5% of the eukaryotic 

genome (12).  These enzymes decorate the amino acid side-chains or back bone of proteins with 

small functional groups such as methyl to large ones, kilodalton in size, such as ubiquitin.  These 

modifications increase the chemical diversity of proteins, adding on to the limited chemical 

potential of just utilizing the 22 proteinogenic amino acids, allowing new chemical interactions, 

modulations of protein activity and stability, and promoting new cellular localities, all of which 

would are necessary for the functioning of a complex organism.  A prime example of PTMs 

directing biological activities is on the protein p53, so called the “guardian of the genome”, 

which is a crucial tumor suppressor gene found in multicellular organisms and one of the most 

extensively modified proteins in nature.  p53 is modified by phosphorylation, acetylation, 

methylation, ubiquitylation, sumolyation, neddylation, glycosylation, and poly-ribosylation (13).  

Different combinations and extent of the PTMs cooperatively elicit different outcomes including 

protein stabilization, localization, and transcription activation of response genes, such as cell 

cycle and apoptotic genes (13).  Furthermore, epigenetic modifications of DNA and histones, 

including methylation and acetylation, have been studied extensively and shown to modulate 
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chromatin structure and dynamics, by promoting the binding of specific protein factors to induce 

or repress transcription (14, 15).  A thorough understanding of the roles of these PTMs and their 

cross-talk is needed to mechanistically understand biological processes involving PTMs.     

 One of the most common PTMs in cells is methylation, which involves the transfer of a 

methyl group from the donor S-adenosylmethionine (AdoMet) to protein, nucleic acid, lipid, and 

small molecule substrates (12).  Methylation changes the chemical properties of a substrate, 

modulating its hydrogen-bonding potential, charge, hydrophobicity, and size to allow for new 

biological interactions and consequences.  Enzymes catalyzing these modifications are called 

methyltransferases and they make up anywhere from 0.6 - 1.6% of the genomes of a variety of 

prokaryotic and eukaryotic organisms (16, 17).  Methyltransferases have been extensively shown 

to have canonical roles in epigenetics to either activate or repress gene expression.  These 

modifications on histone tails act as binding platforms for various effector proteins that either 

promote or inhibit transcription by changing chromatin architecture and dynamics and therefore, 

accessibility of the transcriptional machinery. However, the roles of these enzymes in non-

histone methylation is not as well understood.  

 In the yeast Saccharomyces cerevisiae, approximately two -thirds of the currently known 

methyltransferases are involved in methylation of various components of the translational 

apparatus including: ribosomal RNA (rRNA), transfer RNA (tRNA), messenger RNA (mRNA), 

translation factors, and ribosomal proteins.  The translational apparatus is the protein factory of 

the cell and therefore uncovering the roles of these methylation reactions is crucial to 

understating mRNA translation and the etiology of human disease.  Methylation of the RNA 

components of the translational apparatus occurs on the nucleotide ribose or base and are 

important for ribosome biogenesis, structure stability, and translation (18–22).  rRNA 
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methylation sites on the ribosomes, interestingly, are grouped in functional centers, such as the 

peptidyl transferase center (PTC), the decoding center of the small subunit, the tRNA binding 

sites (A/P/E), the polypeptide exit tunnel, and the interface between the small and large 

ribosomal subunits, which suggests that they are functionally important and likely playing roles 

in structural dynamics of the ribosome (23, 19).  tRNA methylation has been shown to be 

important for structural stability and translational fidelity (21).  In the latter role, methylation 

promotes accurate codon-anticodon interaction, selection of the cognate amino acid, and 

frameshift prevention (21).  Methylation of mRNA nucleotides has been shown to be important 

for mRNA stability and translation initiation and elongation and release factor methylation 

reactions have been demonstrated to be important for translational fidelity and translation 

termination (20, 24, 25).  However, much less work has focused on the roles of ribosomal protein 

methylation and the enzymes that catalyze these modifications, especially in eukaryotes.  I 

therefore focused my thesis work on characterizing ribosomal protein methyltransferases, using 

the yeast Saccharomyces cerevisiae as a model organism, and more importantly, uncovering 

their cellular functions. 

Chapters 2, 3, and 4 of my dissertation were done in conjunction with my graduate 

mentor at the time, Kristofor Webb.  In Chapter 2, we identified and characterized the alpha-N-

terminal protein methyltransferase, Ntm1, in yeast, and its human homolog, METTL11A.  

Kristofor Webb performed intact and top-down mass spectrometry of ribosomal proteins from 

wild type and Ntm1-deficient cells and showed that methylation of the ribosomal proteins 

Rpl12ab and Rps25a/Rps25b depends on the Ntm1 methyltransferase and that the modification 

resides at the N-terminus.  I then worked with Kris to characterize these enzymes in vitro.  We 

showed that cell extracts from wild type yeast and mammalian tissues and recombinant forms of 
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Ntm1 and METTL11A were capable of methylating a synthetic peptide corresponding to the N-

terminal methylated region of Rps25a/Rps25b but not a yeast extract from Ntm1-deficient cells.  

This demonstrated that these enzymes are bona fide methyltransferases rather than 

methyltransferase accessory proteins.  We also determined the substrate specificity of these 

enzymes and showed that they recognize an N-terminal XPK motif.  Substituting the profile and 

lysine residues of this motif abolished methylation, suggesting they are important for enzyme 

recognition.   

In Chapter 3 of my dissertation, I focused my efforts on characterizing a fungal-specific 

ribosomal protein lysine methyltransferase, Rkm5.  This enzyme is unique in that it lacks a SET 

domain, which is a characteristic feature of most lysine methyltransferase, and instead has a 

Rossmann fold that is found in enzymes of the seven-β-strand class.  Using mass spectrometry, 

Kristofor Webb showed that Rpl1ab methylation depends on the presence of Rkm5 and localized 

the site of modification to two residues, a lysine and an arginine.  To determine the precise site of 

methylation, our collaborator in the lab, Cecilia Lopez, performed thin-layer and high-resolution 

cation-exchange chromatography on acid-hydrolyzed Rpl1ab, purified from yeast cells 

radiolabeled with [3H] AdoMet.  A radioactive peak was seen with a monomethyllysine standard 

in both cases but not methyl-arginine standards, indicating that Rpl1ab is methylated at a lysine 

residue.  However, we noticed that the radiolabeled species did not exactly co-elute with the 

unlabeled monomethyllysine standard.  A tritium isotope effect phenomenon had been reported 

previously when radiolabeled amino acids were resolved by cation-exchange but not thin-layer 

chromatography.  It was possible that the methylated species we observed was an isomer of N-ε-

monomethyllysine, in which the methyl group is on a side-chain carbon.  To solve this issue, I 

performed in vitro methylation assays with recombinant Rkm5 and ribosomes isolated from wild 
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type and Rkm5-deficinet cells, in the presence of [3H] AdoMet or [C14] AdoMet, and analyzed 

the protein hydrolysates by thin-layer chromatography.  The 3H-labeled species eluted one 

minute before the unlabeled N-ε-monomethyllysine standard, however, the C14-labeled species 

co-eluted exactly with the standard.  This proved that Rpl1ab is methylated at the side-chain 

amino group, rather than at a side-chain carbon, and that the tritium isotope effect also occurs in 

thin-layer chromatography.  Furthermore, I showed that Rkm5 can directly methylate Rpl1ab on 

ribosomes, using SDS-PAGE/fluorography, and a synthetic peptide containing the methylation 

region on Rpl1ab. 

Chapter 4, 5, and 6 focus on the histidine protein methyltransferase, Hpm1.  This enzyme 

is novel as it is the first histidine methyltransferase uncovered in nature and was the first report 

of histidine methylation in yeast.  Chapter 4 describes how Hpm1 was discovered and shows that 

the conserved ribosomal protein, Rpl3, is methylated on a histidine residue at the N3 nitrogen 

and that Hpm1 is required for this modification.  I worked with Kristofor Webb on the intact and 

top-down mass spectrometry to identify the putative ribosomal protein substrate of Hpm1 and 

the methylated region on Rpl3.  Cecilia Lopez was able to pinpoint the modification to a 

histidine residue using thin-layer and high resolution cation-exchange chromatography.  

Chapters 5 and 6 center on the biological role of Hpm1 and methylation of Rpl3.  In Chapter 5, I 

show, using high-resolution cation exchange chromatography, that Hpm1 is the only histidine 

methyltransferase in S. cerevisiae, under normal growth conditions, and that its enzymatic 

products are confined to the ribosome and nuclei-containing fractions.  Histidine methylation 

was not detected in cytosol fractions depleted of ribosomes.  This suggested that Hpm1 either 

acts on the ribosome or in the nucleus, where the bulk of ribosome biogenesis takes place.  I 

tested the former possibility by incubating recombinant Hpm1 with [3H] AdoMet, and ribosomes 
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isolated from wild type and Hpm1-deficient cells.  A radiolabeled protein corresponding to the 

size of Rpl3 was seen when Hpm1 was incubated with the hypo-methylated ribosomes indicating 

that Hpm1 can recognize and methylate Rpl3 bound to ribosomes.  When this in vitro 

methylation assay was done using recombinant free Rpl3 or a synthetic peptide containing the 

methylated region on Rpl3, no methylated products were detected, suggesting that Hpm1 can 

recognize and methylate Rpl3 only when Rpl3 is complexed with mature ribosome particles.  

However, this possibility was unlikely when we examined the crystal structure of the yeast 

ribosome showing that the Rpl3 methylation site is embedded deep in the rRNA core of the 

ribosome and thus unlikely for Hpm1 to recognize this site on mature ribosomes in vivo.  I tested 

the latter hypothesis in Chapter 6 and showed that Hpm1 can methylate a protein with a size 

corresponding to Rpl3 in the nucleus in vitro and that Rpl3 methylation in the nucleus is lost 

when Hpm1 is depleted.  Altogether, these results pointed to the more likely possibility that Rpl3 

methylation by Hpm1 takes place within the nucleus.  This was further corroborated by 

localization and pull-down assays in other studies showing that Hpm1 can localize to the nucleus 

and interact with nucleolar proteins.  Rpl3 is an essential ribosomal protein and one of the first 

proteins to assemble with nascent ribosomes during early ribosome biogenesis.  We therefore 

tested to see if Hpm1 plays a role in ribosome biogenesis, collaborating with Kevin Roy in the 

Chanfreau lab.  He performed Northern blot analysis of rRNA precursors to determine if there 

was any aberrant accumulation or deficiency of pre-rRNA species.  Surprisingly, cells lacking 

Hpm1 accumulated a significant amount of 35S and 23S pre-rRNA precursors and exhibited 

delayed processing kinetics, compared to wild type.  I performed polysome profile analysis and 

showed that loss of Hpm1 or its catalytic activity results in a deficit of large ribosomal subunits.  

This demonstrated that Hpm1 and its catalysis is required for normal ribosome biogenesis.  To 
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determine if the defects in ribosome biogenesis carry on to translation, I performed translational 

fidelity and ribosome inhibitor sensitivity assays. Loss of Hpm1 resulted in a decrease in 

translational accuracy at the elongation step and enhanced resistance to ribosome-binding drugs, 

which suggested that Hpm1 is also required for normal translation.  In Chapter 6, we sought to 

determine if Hpm1’s newly uncovered roles in ribosome biogenesis and translation are directed 

by methylation of its substrate, Rpl3.  I again collaborated with Kevin Roy in the Guillaume 

Chanfreau laboratory.  Kevin was able to construct a strain deficient in Rpl3 methylation and we 

showed that although these cells had defects in rRNA precursor maturation, they synthesized 

normal levels of large ribosomal subunits, suggesting that Rpl3 methylation is not playing an 

important role in ribosome biogenesis, unlike its cognate enzyme.  This indicated the likely 

possibility that Hpm1 has additional substrates whose methylation is important for ribosome 

biogenesis.  However, I showed that loss of Rpl3 methylation resulted in a translation elongation 

fidelity defect, similar to Hpm1-deficient cells, which indicated that Rpl3 methylation is playing 

a role in translation elongation. 

In Chapter 7, my goal was to determine if the other known ribosomal protein 

methyltransferases in S. cerevisiae are involved in ribosome biogenesis and translation.  These 

enzymes had been characterized previously and their ribosomal protein substrates determined but 

there were no reports of their biological roles, except for one study on Ntm1, which showed that 

the methyltransferase is important for maintain proper levels of ribosomal subunits and for 

efficient and accurate translation (26).  Northern blot analysis by Kevin Roy and polysome 

profile analysis by me demonstrated that most ribosomal protein methyltransferases in S. 

cerevisiae are required for normal rRNA precursor maturation and/or ribosomal subunit 

biogenesis.  Interestingly, in the absence of two of these enzymes, defects are seen at an early 
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stage of ribosome biogenesis but not in the levels of the ribosomal subunit products, suggesting 

that yeast cells have a back-up or alternative ribosome synthesis pathway.  Importantly, all 

enzymes were shown to be important for translation, as their loss resulted in decreased accuracy 

during translation elongation and/or termination. 
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Background:  Methylation of ribosomal proteins is ubiquitous in nature but its biological 

functions are not well characterized. 

Results:  Yeast cells deficient in methylation of ribosomal protein L3 (Rpl3) have normal levels 

of ribosomal subunits but have decreased translational fidelity.  

Conclusion:  Rpl3 methylation enhances the accuracy of translation elongation. 

Significance:  This is the first report of a protein methylation reaction modulating translation 

elongation accuracy. 
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ABSTRACT 

Rpl3, a highly conserved ribosomal protein, is methylated at histidine 243 by the Hpm1 

methyltransferase in Saccharomyces cerevisiae.  Histidine 243 lies close to the peptidyl 

transferase center in a functionally important region of Rpl3 designated as the basic thumb that 

coordinates the decoding, peptidyl transfer, and translocation steps of translation elongation.  

Hpm1 was recently implicated in ribosome biogenesis and translation.  However, the biological 

role of methylation of its Rpl3 substrate has not been identified.  Here we interrogate the role of 

Rpl3 methylation at H243 by investigating the functional impact of mutating this histidine 

residue to alanine (rpl3-H243A).  Akin to Hpm1-deficient cells, rpl3-H243A cells accumulate 

35S and 23S pre-rRNA precursors to a similar extent, confirming an important role for histidine 

methylation in pre-rRNA processing.  By contrast, Hpm1-deficient cells but not rpl3-H243A 

mutants show perturbed levels of ribosomal subunits.  We show that Hpm1 has multiple 

substrates in different subcellular fractions, suggesting that methylation of proteins other than 

Rpl3 may be important for controlling ribosomal subunit levels.  Finally, translational fidelity 

assays demonstrate that like Hpm1-deficient cells, rpl3-H243A mutants have defects in 

translation elongation resulting in decreased translational accuracy.  These data suggest that Rpl3 

methylation at H243 is playing a significant role in translation elongation, likely via the basic 

thumb, but has little impact on ribosomal subunit levels.  Hpm1 is therefore a multifunctional 

methyltransferase with independent roles in ribosome biogenesis and translation. 
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INTRODUCTION 

The ribosome is a nanomachine composed of ribosomal RNA (rRNA) and ribosomal 

proteins that work in concert with tRNAs and protein factors to translate the mRNA into the 

precise order of amino acids that gives functionality to proteins.  In all organisms, translational 

components are modified by the addition of one or more methyl groups.  Ribosomal RNA 

methylation sites are clustered in functional regions of the ribosome, including the peptidyl 

transferase center (PTC) and the tRNA binding sites (A/P/E), and has been shown to be 

important for ribosome assembly, structural stability, and translational accuracy (1, 2).  

Methylation of tRNAs, elongation and release factors modulates translational accuracy and 

translation termination efficiency (3–6).  Ribosomal proteins are methylated in the three 

kingdoms of life (4, 7–11); however, much less is known about the precise roles of these 

modifications in the biology of the cell.   

In Escherichia coli, methylation of ribosomal protein L3 by the PrmB methyltransferase 

has been shown to modulate ribosome biogenesis (12, 13).  E. coli L11 contains nine methyl 

groups (14, 15), which are in close proximity to the GTPase associated center (GAC) and the 

binding site of translation factors, suggesting they could play a role in translation.  Methylation 

of the bacterial L7/L12 stalk is regulated by the ambient temperature, and it may play a 

regulatory role in homeostasis (16).  Methylation of human ribosomal proteins S3 and S10 by 

PRMT1 and PRMT5, respectively, are important for their transport and assembly onto nascent 

ribosomes (17, 18).  In the yeast Saccharomyces cerevisiae, nine ribosomal proteins are 

methylated:  four on the small ribosomal subunit (Rps2, Rps3, Rps25ab, Rps27ab) and five on 

the large subunit (Rpl1ab, Rpl3, Rpl12ab, Rpl23ab, Rpl42ab) (10, 19–25).  Unlike the clustering 

of methylated sites on rRNA nucleotides, the methylated residues on yeast ribosomal proteins are 
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dispersed throughout the ribosome:  seven are on the surface exposed to the cytoplasm, two are 

in the interface between the small (40S) and large (60S) ribosomal subunits, and three are 

embedded within the rRNA core (26). 

Although the ribosomal protein methylation patterns differ in the three domains of life, 

methylation of two ribosomal proteins, Rpl3 and Rpl12ab, appears to be highly conserved, 

suggesting they are playing translational roles common to all life forms.  Yeast Rpl12ab and its 

bacterial ortholog L11 are methylated N-terminally and human Rpl12 is also predicted to be 

methylated at the N-terminus (14, 15, 23). In E. coli, L3 is methylated on a glutamine residue 

that aligns close to the methylated histidine site on Rpl3 in S. cerevisiae (19, 27).  Although 

mammalian Rpl3 has not been shown to be methylated thus far, one study showed that 60S 

subunit proteins isolated from HeLa cells contained 3-methylhistidine, which is the modification 

on yeast Rpl3 (28).  Also, mammalian Rpl3 associates with METTL18, the human putative 

methyltransferase homologous to the Rpl3 methyltransferase, Hpm1, in S. cerevisiae, suggesting 

that mammalian Rpl3 is methylated (29).     

In a recent study, we showed that Hpm1 directly methylates ribosome-bound Rpl3 but 

not free Rpl3, suggesting it likely recognizes and methylates Rpl3 after its incorporation into pre-

ribosomes (30).  The proper processing of early pre-rRNA intermediates and assembly of the 

large ribosomal subunit was shown to be dependent on the presence of Hpm1.  Loss of Hpm1 

resulted in a large subunit biogenesis defect that could only be rescued with catalytically active 

Hpm1 but not catalytically-deficient mutants of Hpm1, suggesting that methylation of Rpl3 or 

other unknown substrates is required for proper 60S biogenesis (30).  Ribosomes assembled in 

Hpm1-deficient cells were also shown to have reduced sensitivities to ribosome-binding drugs 

and reduced translational accuracy (30).  Whether these phenotypes were directly due to a lack of 
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Rpl3 methylation or to other potential roles of Hpm1 in methylating other substrates was not 

investigated.   

In this study, we analyzed a mutant of Rpl3 with the methylated histidine replaced with 

alanine, and determined the effect of Rpl3 methylation loss on ribosome biogenesis and 

translation.  We show that unlike hpm1 null cells, rpl3-H243A mutants have normal levels of 

ribosomal subunits.  In contrast, Hpm1-deficient cells and rpl3-H243A mutants both exhibit 

defects in early pre-rRNA processing, have higher proportion of ribosomes associated with 

polysomes, compared to wild type, and have higher rates of translational errors in stop codon 

readthrough, amino acid misincorporation, and programmed -1 ribosomal frameshifting (-1 

PRF).  Amino acid analysis of the 3H-methyl-labeled proteome and in vitro methylation assays 

indicate that Hpm1 has additional substrate(s) in different subcellular compartments.  Altogether, 

these results suggest that methylation of Rpl3 at histidine 243 modulates translation elongation 

fidelity and indicates that Hpm1 has independent functions in ribosome biogenesis and 

translation.  

 

EXPERIMENTAL PROCEDURES 

Strains, growth media, recombinant protein expression and purification - All strains used 

in this study are of the BY4742 background (MATα, his3Δ1; leu2Δ0; lys2Δ0; ura3Δ0) obtained 

from the Open Biosystems yeast knockout collection (Thermo Scientific).  hpm1Δ contains a 

kanamycin resistance marker in place of the HPM1 open reading frame.  Yeast strains were 

grown in 1% yeast extract, 2% peptone, and 2% dextrose (YPD, Difco) or minimal synthetic 

defined media lacking uracil (SD –ura) containing 0.17% yeast nitrogen base without ammonium 

sulfate and amino acids (BD Biosciences), 0.077% complete supplement mixture without uracil 
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(MP Biomedicals; 114511212), 0.5% ammonium sulfate (Acros; 423400010), and 2% dextrose 

(Fisher; D16-1).  

The rpl3-H243A point mutant was constructed at the endogenous chromosomal locus in 

WT BY4742.  First, the RPL3 open reading frame and its endogenous promoter and terminator 

were amplified from genomic DNA using primers 5’- 

GACTGACTACTAGTGGGATTAACGCATTTCAGACAGC-3’ and 5’- 

GACTGACTATCGAT AACCAGGGTGATGTAACAGAGG-3’ and cloned into the SpeI and 

ClaI sites of the pUG35 plasmid (URA+).  Restriction enzyme recognition sites are underlined.  

Next, the H243A mutation was introduced into the plasmid using the Stratagene QuikChange 

Lightning Site-Directed Mutagenesis kit (Agilent Technologies) using primers 5’- 

AAGAAATTGCCAAGAAAGACTGCCAGAGGTCTAAGAAAGGTTGC-3’ and 5’- 

GCAACCTTTCTTAGACCTCTGGCAGTCTTTCTTGGCAATTTCTT-3’.  The rpl3-H243A 

plasmid was then transformed into WT BY4742 using the LiOAc-PEG-ssDNA yeast 

transformation method (31).  Subsequently, a CORE cassette was transformed into the WT cells 

at the endogenous RPL3 H243 position using a PCR product amplified by primers 5’- 

TACCCACAGATGGGGTACTAAGAAATTGCCAAGAAAGACTGAGCTCGTTTTCGACA

CTGG-3’ and 5’- 

ATGCCAAGCACCAATACAAGCAACCTTTCTTAGACCTCTGTCCTTACCATTAAG 

TTGATC-3’, according to the delitto perfecto method (32).  Next, a PCR product containing the 

H243A mutation was synthesized using Phusion High-Fidelity PCR Master Mix with HF buffer 

(NEB), primers 5’- GACTGTTGCTGTCGACAGC-3’ and 5’-GTTCTGTCGAAGCTGGTAGC-

3’, and the pUG35 rpl3-H243A plasmid as a template.  Finally, the PCR product was 

transformed into the cells carrying the CORE cassette at the endogenous RPL3 H243 locus.  
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Cells were plated overnight on YPD and then replica-plated the next day to 5-fluoroorotic acid to 

select for removal of the pUG35 rpl3-H243A plasmid and replacement of the CORE cassette 

with the mutated H243A genomic sequence.  The H243A mutation was confirmed by Sanger 

sequencing using primers 5’- CCAAATACTCTGCCAAGTACGC-3’ and 5’- 

TCGAAGCTGGTAGCACCG-3’ (Laragen Inc., Culver City, CA). The open reading frame of 

HPM1 was cloned into the pET100/D-TOPO E. coli expression vector (Invitrogen), expressed 

and purified as described in (30). 

Northern blot analysis – All procedures were performed as previously described (30).  

For 5’-end labeled probes, the following oligonucleotides were used:  the 5’ETS region upstream 

of A0 for detection of 35S and 23S pre-rRNA: 5’-CGCTGCTCACCAATGG-3’; Scr1:   5’-

ATCCCGGCCGCCTCCATCAC-3’. 

Polysome profile analysis- WT, hpm1∆, and rpl3-H243A cells were treated with 

cycloheximide and lysates resolved by sucrose density centrifugation for polysome profile 

analysis as previously described (30).   

In vivo radiolabeling with AdoMet - Overnight cultures of WT, hpm1∆ and rpl3-H243A 

cells were diluted in fresh YPD media to an OD600 nm of 0.1 and grown at 30 °C in a rotary 

shaker until the OD600 nm reached 0.8-1.0.  Seven OD600 nm units from each culture were harvested 

by centrifugation at 5000 x g for 5 min at room temperature and the cells were washed with 

water 3 times.  Cells were then resuspended in 848 µl of YPD and 152 µl of S-adenosyl-[methyl-

3H]-L-methionine ([methyl-3H]AdoMet; Perkin Elmer; 83.3 Ci/mmol; 0.55 mCi/ml in 10 mM 

H2SO4: ethanol 9:1) and incubated at 30 °C in a rotary shaker for 30 minutes.  Cells were then 

harvested by centrifugation and washed with water several times.  
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Spheroplast preparation and subcellular fractionation - Spheroplasts of WT, hpm1∆, and 

rpl3-H243A cells were prepared according to the protocol of Rieder et al. (33).  Seven OD600 nm 

units of cells were resuspended in 1 ml of 0.1 M Tris sulfate, 10 mM DTT, pH 9.4 and incubated 

at room temperature for 10 min.  Cells were centrifuged at 4,000 x g for 5 min and the 

supernatant aspirated.  Cells were resuspended in 250 µl of spheroplast medium A (SMA; 0.17% 

yeast nitrogen base without amino acids and ammonium sulfate (BD Biosciences), 2% dextrose 

(Fisher; D16-1), 0.08% complete supplement mixture (MP Biomedicals; 114500012), 1 M 

sorbitol, and 20 mM Tris-Cl, pH 7.5).  Zymolyase 20T (Seikagaku Biobusiness) was added at a 

concentration of 1 mg/7 OD600 nm units and incubated in a 30 °C rotary shaker for 30 min.  

Spheroplasts were centrifuged at 1,500 x g for 5 min at room temperature and resuspended in 0.7 

ml spheroplast recovery medium B (SMA without Tris-Cl).  Spheroplasts were centrifuged 

again, the supernatant aspirated and cells placed on ice until ready for lysis.  For the in vitro 

methylation assay, spheroplasts were resuspended in buffer A (20 mM Tris base, 15 mM 

magnesium acetate, 60 mM KCl, 1 mM DTT, 1 mM PMSF, Roche protease inhibitor cocktail 

(Roche; 11697498001), adjusted to pH 7.5 with HCl) to a concentration of 15 OD600 nm units/ml.  

For in vivo methylated cells, spheroplasts were resuspended in HEPES/KAc lysis buffer (20 mM 

HEPES, 50 mM potassium acetate, 200 mM sorbitol, 1 mM EDTA, Roche protease inhibitor 

cocktail, 1 mM PMSF, adjusted to pH 6.8 with KOH) to a concentration of 15 OD600 nm units/ml.  

Spheroplasts were lysed with a Dounce homogenizer 10-20 times.  Lysates were transferred to 

pre-chilled tubes and centrifuged at 300 x g for 5 min at 4 °C.  The supernatant was transferred to 

a fresh tube and centrifuged at 13,000 x g for 10 min.  Supernatant (S13,000) was transferred to 

another tube.  The pellet after the 13,000 x g spin (P13,000) is nuclei-enriched.  P13,000 was 

resuspended in 50 µl of HEPES/KAc lysis buffer and placed on ice.  S13,000 was centrifuged at 
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20,000 x g for 10 min and the resulting supernatant (post-mitochondrial cell extract) was 

transferred to a fresh tube and placed on ice.  Protein concentration was determined using the 

Lowry method after protein precipitation with 10% trichloroacetic acid. 

Translational fidelity analysis – Stop codon (UAA and UAG) readthrough and amino 

acid misincorporation assays were done as previously described (30) and adapted from the 

methods described in (34, 35).  Vectors were generously provided by David Bedwell and Ming 

Du at the University of Alabama, Birmingham, AL.  Programmed -1 ribosomal frameshifting 

assay was done as described in (30).  Frameshifting vectors pJD376 (L-A virus gag-

pol frameshift signal) and pJD375 (no frameshift control) were generously provided by Jonathan 

Dinman at the University of Maryland, MD and described in (36). 

 

RESULTS 

Histidine 243 of ribosomal protein Rpl3 is the target of the Hpm1 methyltransferase -  In 

previous work we pinpointed the Hpm1 target site on Rpl3 to an 18-residue region (residues 234-

251) containing multiple lysine and arginine residues (19).  To determine the methylated amino 

acid, wild type yeast cells were labeled with [methyl-3H]AdoMet, ribosomes harvested, Rpl3 was 

isolated by reversed-phase HPLC and the protein acid hydrolyzed.  The amino acids were 

resolved by high-resolution cation-exchange and thin layer chromatography.  A radiolabeled 

species co-eluted with a 3-methylhistidine standard but not with methylated lysine or arginine 

standards, suggesting that the modification is on a histidine residue.  To definitively show that 

H243 is the methylated residue on Rpl3, we created an rpl3 mutant strain by replacing the 

endogenous RPL3 gene with an rpl3 point mutant containing a histidine to alanine mutation at 

residue 243 (rpl3-H243A).  WT, hpm1Δ, and rpl3-H243A cells were labeled with [methyl-
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3H]AdoMet and the small and large ribosomal subunits were isolated by sucrose density 

centrifugation. Radiolabeled proteins were resolved by SDS-PAGE and methylated products 

detected by fluorography (Fig. 1A).  Small ribosomal subunit proteins had similar methylation 

patterns in all three strains.  However, large ribosomal subunit proteins showed a complete loss 

of a radiolabeled protein corresponding to the size of Rpl3 (43.8 kDa) in both hpm1Δ and rpl3-

H243A cells but not in wild type cells, confirming that H243 of Rpl3 is the methylation target of 

Hpm1.  H243 lies at the core of the large subunit embedded in the 25S rRNA in close proximity 

to the peptidyl transferase center (PTC) and the aminoacyl-tRNA accommodation corridor (Fig. 

1B), suggesting that it may play a role in translation elongation (addressed in the “Discussion” 

section). 

Methylation of ribosomal protein Rpl3 is dispensable for 60S subunit synthesis- We 

previously showed that loss of Hpm1 results in pre-rRNA processing defects in the early stages 

of ribosome biogenesis leading to a deficiency of 60S large ribosomal subunits (30).  Proper 60S 

biogenesis was shown to depend not only on the Hpm1 protein but also its catalytic activity, 

suggesting that methylation of its primary target, Rpl3, and/or of other substrates, is involved in 

promoting proper ribosome biogenesis.  To test if the previous phenotypes we observed were 

strictly a consequence of the loss of Rpl3 methylation rather than due to the lack of methylation 

of other potential substrates of Hpm1, we examined the steady state levels of pre-rRNA 

precursors and ribosome particles in the Rpl3 methylation-deficient strains.  Total cellular RNAs 

were collected from WT, hpm1Δ, and rpl3-H243A cells and analyzed by Northern blotting (Fig. 

2A).  A DNA probe that binds upstream of A0 was used to detect the levels of the 35S and 23S 

rRNA precursors that are known to accumulate in cells defective in early pre-rRNA processing at 
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the A0, A1, and A2 sites (37, 38).  Both Hpm1-deficient cells and rpl3-H243A mutants showed 

similar accumulation of 35S and 23S precursors compared to wild type (Fig. 2A). 

  To determine if the increased levels of 35S and 23S pre-rRNA in rpl3-H243A results in 

a 60S biogenesis defect, the steady state levels of ribosomal subunits and ribosome complexes 

were measured by polysome profile analysis.  Small (40S) and large (60S) ribosomal subunits 

were resolved from intact ribosomes (80S) and polysomes by centrifugation of the lysates from 

wild type, hpm1∆, and rpl3-H243A strains through a sucrose gradient and the levels of the 

ribosomal particles were measured.  As previously shown (30), hpm1 null cells exhibited a 

deficiency of 60S subunits and a surplus of 40S subunits (Fig. 2B).  This large subunit defect is 

highlighted by a > 4-fold decrease in the free 60S/free 40S subunit ratio (Fig. 2C).  Surprisingly, 

rpl3-H243A showed levels of the ribosomal particles similar to wild type, with no discernable 

difference in their respective free 60S/free 40S subunit ratios (Fig. 2B-C).  This indicates that 

despite a pre-rRNA processing defect in rpl3-H243A, steady state levels of ribosomal subunits 

are unchanged.  These results suggest that methylation of Rpl3 is required for normal pre-rRNA 

processing but not for accumulating normal levels of 60S subunits.  This result was unexpected 

because we previously showed that Rpl3 is the primary target of Hpm1 and that the Hpm1 

protein and its catalytic activity are required for normal ribosome biogenesis (30).  It is therefore 

likely that Hpm1 has additional substrates whose methylation plays a role in ribosome 

biogenesis.  

 Interestingly, hpm1Δ and rpl3-H243A cells had higher polysome/80S ratios, compared to 

wild type cells, indicating that a higher proportion of ribosomes is associated with polysomes in 

these mutants (Fig. 2C).  While a larger fraction of polysome-associated ribosomes is typically 

indicative of more active translation and cellular proliferation, we found that growth rates on 
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YPD agar plates (Fig. 4A) or liquid cultures (data not shown) were similar in all three strains.  

Indeed, increased polysome levels have been reported in cells with attenuated translation 

elongation, resulting in increased mRNA transit time of ribosomes and stabilization of 

translationally-repressed polysomes (39).          

Hpm1 has methylation targets other than Rpl3 - We previously showed that in the 

absence of Hpm1, methylation was lost not only in Rpl3 but also in other proteins in nuclei-

enriched fractions, indicating that there could be additional substrates for Hpm1 (30).  Our 

repeated attempts to create an endogenous TAP-tagged Hpm1 strain or express GFP-tagged 

Hpm1 ectopically for pull-down studies were unsuccessful.  In the latter case, the recombinant 

protein underwent rapid degradation.  As an alternative approach to determine if there are 

additional Hpm1 substrates, the cellular levels of 3-methylhistidine were measured in wild type 

and rpl3-H243A cells.  We previously showed that Hpm1 depletion results in complete loss of 3-

methylhistidine.  If Rpl3 is the only substrate of Hpm1, there should be complete loss of 3-

methylhistidine in rpl3-H243A cells, since the methylation site is mutated.  Wild type and rpl3-

H243A cells were radiolabeled with [methyl-3H]AdoMet and cellular proteins were precipitated 

with trichloroacetic acid, acid hydrolyzed and analyzed by high-resolution cation-exchange 

chromatography.  Fractions containing radioactive 3-methylhistidine were identified by 

ninhydrin labeling of a non-radioactive 3-methylhistidine standard and counted for radioactivity.  

The rpl3-H243A lysate showed a significant decrease in the amount of 3-methylhistidine, 

relative to wild type, although a residual amount was still present (Fig. 3A).  This residual 

radioactivity therefore represents 3-methylhistidine present on a protein or proteins other than 

Rpl3.  Quantification of the levels of 3-methylhistidine in wild type and rpl3-H243A lysates 

revealed that roughly ~65% of the modification resides on Rpl3 and the remaining amount is 
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present on other substrates.  This is consistent with our previous finding that the bulk of 3-

methylhistidine is on ribosome-associated Rpl3 (30).   

To determine if there are additional substrates of Hpm1, in vitro and in vivo methylation 

assays were performed on subcellular fractions from wild type, hpm1∆, and rpl3-H243A cells.  

Cells were radiolabeled with [methyl-3H]AdoMet and cytosolic and nuclear proteins isolated and 

resolved by SDS-PAGE.  Methylated polypeptides were detected by fluorography.  Loss of 

Hpm1 resulted in the reduction or complete loss of seven radiolabeled bands from the cytosol 

(Fig. 3B, arrows, stars).  These bands were not reduced in cytosolic proteins from rpl3-H243A 

cells, indicating they are not Rpl3-derived polypeptides (Fig. 3B).  This suggests that the 

methylation of multiple proteins may depend on the presence of Hpm1.   

Analysis of nuclear proteins revealed loss of a radiolabeled band corresponding to the 

size of Rpl3 in hpm1∆ and rpl3-H243A cells (Fig. 3C, arrow).  Several additional lower 

molecular weight bands were also absent or diminished in rpl3-H243A, suggesting these are 

Rpl3-derived polypeptides (Fig. 3C).  To distinguish proteins that are directly methylated by 

Hpm1 from those whose methylation depends on Hpm1 but are not necessarily substrates, we 

performed an in vitro methylation assay using recombinant His-tagged Hpm1.  Nuclear and post-

mitochondrial extracts (supernatant following 20,000 x g spin) from wild type and Hpm1-

deficient cells were incubated with His-Hpm1 in the presence of [methyl-3H]AdoMet and 

analyzed by SDS-PAGE fluorography.  Protein substrates in hpm1∆ would be hypo-methylated 

and competent for methylation with Hpm1 and [methyl-3H]AdoMet, whereas wild type proteins 

may not be because they may already be fully or partially modified.  In vitro methylation of 

nuclei-enriched fractions from hpm1∆ cells but not wild type cells resulted in the radiolabeling of 

an Rpl3-sized protein (Fig. 3E, star).  We previously showed that Rpl3 from cytoplasmic 
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ribosomes could be methylated in vitro with recombinant Hpm1 (30).  Together, this suggests 

that Rpl3 bound to pre-ribosomes in the nucleus or mature ribosomes in the cytoplasm can be 

recognized and methylated by Hpm1. Interestingly, incubating His-Hpm1 with post-

mitochondrial extracts from hpm1∆ but not wild type resulted in the radiolabeling of two 

proteins (Fig 3D, stars).  The electrophoretic mobility of these proteins is similar to two of the in 

vivo methylated cytosolic proteins in the wild type strain (Fig 3B, stars).  Although the identity 

of these substrates is unknown, this data suggests that Hpm1 has multiple substrates; one 

corresponding to Rpl3 that can be methylated in nuclear extracts and two that can be methylated 

in post-mitochondrial extracts.  It is unclear if one of the radiolabeled bands in the post-

mitochondrial extract is Rpl3.  However, because the intensities of the two bands are similar and 

have similar mobilities to two non-Rpl3 proteins in the in vivo labeled cytosolic proteins (Fig. 

3B, stars), these data suggest that the two radiolabeled bands in the post-mitochondrial extract do 

not correspond to Rpl3.  It is also possible that methylation of these unknown proteins may be 

important for ribosome assembly.   

Despite cytoplasmic ribosomes containing the bulk of 3-methylhistidine, our previous 

findings that Hpm1-deficient cells have defects in early pre-rRNA processing, which takes place 

in the nucleus, and the lack of detectable levels of 3-methylhistidine in the cytosol, suggests that 

the modification of Rpl3 by Hpm1 takes place within the nucleus.  It is possible that the 

modification of the two other proteins takes place in the cytosol but that their modification is 

undetectable in cytosolic fractions because of the rapid shuttling of these proteins into the 

nucleus.  Further work is needed to identify these proteins and their spatial and temporal 

methylation. 
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Methylation of ribosomal protein Rpl3 is required for translational accuracy - The 

dispensability of Rpl3 methylation in 60S subunit biogenesis prompted us to test if methylation 

of Rpl3 plays a role in translational fidelity.  Using a dual-luciferase reporter assay, we 

previously showed that Hpm1-deficient cells have decreased fidelity during translation 

elongation (30).  This assay utilizes a Renilla luciferase reporter gene fused C-terminally to a 

firefly luciferase gene (34, 35).  The amount of firefly luciferase luminescence correlates with 

increased translational errors, while Renilla luminescence is used to normalize for differences in 

gene expression and translational initiation, as both genes are expressed as a single polypeptide.  

To measure stop codon readthrough, which can arise due to defects in translation elongation or 

termination, we used reporter plasmids containing the UAA and UAG stop codons in between 

the Renilla and firefly genes (34, 35).  Increased readthrough of these stop codons would result 

in increased firefly luminescence.  Both Hpm1-deficient cells, as previously shown (30), and 

Rpl3 methylation-deficient cells (rpl3-H243A) exhibited significantly increased readthrough at 

UAA and UAG stop codons, relative to wild type (Fig. 4A).  To determine if this stop codon 

readthrough phenotype in rpl3-H243A is due to a defect in translation termination or elongation, 

a reporter plasmid was used that directly measures elongation errors by the rate of amino acid 

misincorporation.  This plasmid contains a mutation at K529 of the firefly gene to a near-cognate 

asparagine residue, which renders the firefly enzyme catalytically inactive (35).  Replacement of 

this asparagine back to the wild type lysine by misincorporation of a near-cognate lysyl-tRNALys 

reestablishes the catalytic activity of firefly luciferase and results in an increase in its 

luminescence.  Thus, ribosomes with a reduced ability to discriminate between cognate and near-

cognate aminoacyl-tRNAs during translation elongation yield higher levels of firefly luciferase 

luminescence.  Significantly, both hpm1∆ and rpl3-H243A cells showed increased levels of 



76 
 

amino acid misincorporation, relative to wild type, indicating a loss of fidelity in both mutants 

(Fig. 4B).  

To further characterize translation elongation in hpm1∆ and Rpl3 methylation-deficient 

cells, translation recoding efficiency was measured using a reporter containing a viral L-A 

directed programmed -1 frameshift (-1 PRF) signal between the Renilla and firefly genes (36).  

The amount of firefly luciferase luminescence depends on the frequency of -1 frameshift events.  

The frequency of -1 frameshift events is essential to the propagation of the L-A virus as it relies 

on a specific stoichiometry of structural (Gag) to enzymatic (pol) proteins encoded in its 4.6 kb 

dsRNA genome.  Defects in elongation have been shown to enhance -1 PRF efficiencies (40–

42).  Hpm1-deficient and Rpl3 methylation-deficient cells showed higher -1 PRF efficiencies, 

relative to wild type (Fig. 4C).  These results suggest that the defect in translation elongation 

fidelity that we previously reported for Hpm1-deficient cells is a direct consequence of a lack of 

Rpl3 methylation.  We should point out, however, that Rpl3 in the rpl3-H243A strain contains an 

alanine residue at position 243 and some of the translational defects may be due to the loss of the 

histidine side chain as well as loss of the methylation. 

 

DISCUSSION 

Our prior work on Hpm1 demonstrated that it plays a role in the early assembly of the 

large ribosomal subunit (30).  We showed that loss of Hpm1 results in abnormal processing of 

pre-rRNA that results in a deficit of 60S large subunits and ribosomes having altered structures 

and/or functions.  Because Rpl3 was the only known target of Hpm1 and the methyltransferase 

activity of Hpm1 is required for normal large subunit biogenesis, we reasoned that Rpl3 

methylation may be involved in ribosome biogenesis and in promoting accurate translation.  To 
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directly test this hypothesis, we created an Rpl3 methylation-deficient strain by replacing the 

endogenous RPL3 gene with an rpl3-H243A mutant in which the target methylated histidine 

residue is mutated to alanine. 

Cells containing non-methylated Rpl3 have normal levels of ribosomal subunits, despite 

having defects in processing early rRNA precursors, suggesting that Rpl3 methylation is not 

playing an important role in 60S biogenesis.  This was initially puzzling because we previously 

showed that Hpm1’s methyltransferase activity is required for ribosome biogenesis.  It therefore 

indicated that Hpm1 might have additional substrate(s) involved in ribosome biogenesis.  rpl3-

H243A cells showed an approximate 65% reduction in the amount of 3-methylhistidine relative 

to wild type cells, indicating that Rpl3 is the primary but not the only substrate of Hpm1.  In vivo 

and in vitro methylation assays indicate that Hpm1 has multiple substrates, one corresponding to 

the size of Rpl3 that can be directly methylated in nuclei-enriched fractions and two other 

proteins in post-mitochondrial extracts. Further studies are needed to determine the identity of 

these proteins and other potential substrates.   

Since loss of Rpl3 methylation has little impact on ribosome biogenesis, we tested its 

effect on translational fidelity.  Rpl3 methylation-deficient ribosomes exhibited significantly 

increased readthrough of the UAA and UAG stop codons and also increased rates of amino acid 

misincorporation, compared to wild type.  The stop codon readthrough phenotype is likely a 

consequence of decreased accuracy during translation elongation, in which the ability of the 

ribosome to discriminate between cognate and near-cognate or non-cognate aminoacyl-tRNAs is 

diminished, as has been reported (35).  Rpl3 methylation-deficient cells also had enhanced 

recoding efficiencies of -1 PRF signals, a phenotype that can arise due to defects in translation 

elongation (40).  Our data demonstrate an increased proportion of polysomes in rpl3-H243A and 
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hpm1∆, relative to wild type.  Prior work has shown that polysomes can accumulate in cells with 

repressed translation elongation due to an increased transit time of the defective ribosomes on 

mRNA (39).  We suggest that the increased polysome ratio is therefore likely a direct 

consequence of the translation elongation defects in rpl3-H243A and hpm1∆.  Altogether, these 

results suggest that Rpl3 methylation-deficient cells have defects in translation elongation.   

We have used the rpl3-H243A mutant as a tool to assay the loss of function of a 

methylated histidine in cis on Rpl3, to complement our findings with the deletion of its cognate 

methyltransferase Hpm1.  We cannot formally exclude the possibility the histidine to alanine 

mutation affects Rpl3 function in a manner distinct from the non-methylated histidine that exists 

in cells lacking Hpm1.  However, we note that both Hpm1-deficient cells, which have a non-

methylated histidine at position 243 of Rpl3, and the rpl3-H243A mutant have similar pre-rRNA 

processing and translation elongation defects, while in polysome analysis, the rpl3-H243A 

mutant behaves more like the wild type strain.  Taken together, we conclude that it is the loss of 

methylation at histidine 243 of Rpl3 that is responsible for the translation elongation defects in 

both of these strains, rather than the change of side chain per se.  Furthermore, we previously 

showed that Rpl3 is the only ribosomal substrate of Hpm1 (30); therefore it is unlikely that loss 

of methylation in the other non-ribosomal substrate(s) in hpm1 null cells is causing the 

translation elongation defects. 

H243 lies in a functionally important region of Rpl3 called the “basic thumb” that is 

proposed to synchronize the steps of translation elongation (43).  This basic thumb is a positively 

charged region, perpendicular to the tryptophan finger, proposed to function as a molecular 

clamp, linking functionally relevant rRNA domains through non-covalent interactions.  The 

linkage of these rRNA domains, via the basic thumb, may enable the allosteric communication 
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between the events taking place in the decoding center, the aminoacyl-tRNA accommodation 

corridor, the PTC, and the GTPase-associated center, which is paramount for the ability of the 

ribosome to select the correct aminoacyl-tRNA from the large pool of aa-tRNAs, and allow the 

precise amino acid to be added to the growing polypeptide chain.  The structural integrity of the 

basic thumb is therefore crucial for this allosteric communication and thus the accuracy of 

translation.  Loss of histidine methylation in Rpl3 is likely reducing the functionality of the basic 

thumb.  We propose that methylation of Rpl3 at H243 promotes proper function of the basic 

thumb and the coordination of the decoding, peptidyl transfer, and translocation steps of 

translation elongation.  Future structural, biochemical, and biophysical characterization of 

ribosomes from Hpm1-deficient cells and rpl3-H243A will be needed to fully understand how 

H243 methylation promotes fidelity during translation elongation.  
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FIG 1.  Rpl3 is methylated at histidine 243, which lies in close proximity to functional 

centers of the ribosome.  (A) Seven OD600 nm
 units of WT, hpm1∆, and rpl3-H243A cells were 

radiolabeled as described in “EXPERIMENTAL PROCEDURES”.  Small (40S) and large (60S) 

ribosomal subunits were separated by sucrose density centrifugation and radiolabeled proteins 

resolved and detected by SDS-PAGE/fluorography using a 12% Bis-Tris gel as described (30).  

Fluorography was done for 10 weeks at -80°C.  The fluorograph shown is the same as that in 

Fig. 1C of Ref. 30 except it is uncropped and includes ribosomal subunits from the rpl3-H243A 

strain.  (B) Crystal structure of the yeast ribosome (26) showing Rpl3 (blue) with its H243 

residue (red) embedded in 25S rRNA (gray).  Helixes 89 and 90-92 (orange) form the entry site 

for aminoacyl-tRNAs.  The GTPase-associated center (GAC) and sarcin-ricin loop (SRL; 

orange) are the binding sites of translation factors.  Residues of the peptidyl transferase center 

(PTC) are shown as green spheres.  Yellow spheres show modified nucleotides (2’ OH 

methylation, and pseudouridine ψ) of 25S rRNA in close proximity to H243. 
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FIG 2.  Loss of Rpl3 methylation results in early pre-rRNA processing defects but has no 

effect on 60S subunit levels.  (A) 35S and 23S rRNA levels were assessed in WT, hpm1∆, and 

rpl3-H243A cells with a probe targeted to the region upstream of the A0 cleavage site in the 5´ 

external transcribed spacer of the rRNA precursor. The second series of strains in the blot 

represent biological duplicates, with the experiment performed for a total of 4 biological 

replicates. scR1 is a loading control.  (B) WT, hpm1∆, and rpl3-H243A cells were analyzed for 

alterations in the levels of ribosomal complexes as described in “EXPERIMENTAL 
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PROCEDURES” and (30).  (C) The levels of ribosomal subunits (40S, 60S), and intact 

ribosomes (80S) were quantified by directly weighing cutouts of half peak areas (assuming a 

Gaussian-like distribution of ribosome particles) from printer paper using an analytical balance.  

The levels of polysomes were quantified by weighing the peaks after the 80S.  Error bars 

represent standard deviation of two independent profiles.  Unpaired t-test two-tailed p-values are 

shown for the differences in the 60S/40S free subunit ratio.  Differences in the polysome/80S 

ratio were not significant for hpm1∆ (p = 0.079) or rpl3-H243A (p = 0.124), relative to WT. 
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FIG 3.  Hpm1 has multiple substrates.  (A) WT and rpl3-H243A cells were radiolabeled with 

[methyl-3H]AdoMet as described in “EXPERIMENTAL PROCEDURES”.  Cell pellets were 

resuspended in 200-400 µl of buffer (50 mM Tris-Cl, 50 mM NaCl, 1 mM DTT, pH 7.4), a 

quarter volume of glass beads was added, and the cells were vortexed for 30 s followed by 30 s 

cooling on ice, for 12 cycles.  The crude lysate was centrifuged at 1000 x g for 5 min and the 

supernatant transferred to pre-chilled microcentrifuge tubes (whole lysate).  Radiolabeled whole 
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lysates were precipitated with trichloroacetic acid, acid hydrolyzed, and amino acids resolved by 

cation-exchange chromatography as described (30).  Fractions containing 3H-3-methylhistidine 

were identified using ninhydrin monitoring of an unlabeled 3-methylhistidine standard (dashed 

line), as described in (30), and counting for radioactivity (solid line; black for WT, red for rpl3-

H243A.  Radiolabeled 3-methylhistidine elutes one minute earlier than the unlabeled standard 

due to a known isotope effect (44).  (B) A portion of the same fluorograph described in Fig. 1 

legend.  100 µl of fraction 1 (cytosol) of the sucrose gradient from WT, hpm1∆, and rpl3-H243A 

cells was resolved by SDS-PAGE using a 12% Bis-Tris gel as described (30).  The short 

exposure fluorograph was incubated for 13 days with the radiolabeled gel and the film with the 

long exposure was incubated for 10 weeks, both at -80 °C.  Arrows and stars show radiolabeled 

bands that are lost in hpm1∆ but not rpl3-H243A, indicative of protein substrates other than Rpl3 

whose methylation depends on HPM1.  Stars indicate radiolabeled bands with similar mobilities 

as those show in panel D.  (C) 14 OD600 nm units of WT, hpm1∆ and rpl3-H243A cells were 

radiolabeled with [methyl-3H]AdoMet and nuclei-enriched fractions (P13,000) isolated as 

described in “EXPERIMENTAL PROCEDURES”.  Samples were treated with 1 unit of 

benzonase with 2 mM magnesium chloride for 30 min at room temperature.  15 µg of nuclear-

enriched extract from WT, hpm1∆ and rpl3-H243A cells were then resolved and analyzed by 

SDS-PAGE/fluorograph as described above.  Film was incubated for 29 days with gel at -80 °C.  

Arrow shows a radiolabeled protein corresponding to the size of Rpl3 that is lost in hpm1∆ and 

rpl3-H243A.  (D) 40 OD600 nm units of WT and hpm1∆ cells were harvested, spheroplasts 

prepared, and post-mitochondrial cell extracts (S20,000) isolated as described in 

“EXPERIMENTAL PROCEDURES”.  20 µg of recombinant histidine-tagged Hpm1 (His-

Hpm1) was incubated alone or with 50 µg of post-mitochondrial cell extracts from WT and 
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hpm1∆ cells in the presence of [methyl-3H]AdoMet (1 µM) and 100 mM sodium chloride, 100 

mM sodium phosphate, pH 7.5 (methylation buffer) for 6 h at 30 °C.  Wild type and hpm1∆ post-

mitochondrial cell extracts without enzyme were also included for negative controls.  Samples 

were then treated with 1 unit of benzonase (Novagen; 70746-4) for 30 min at room temperature 

to degrade nucleic acids and the volume reduced by vacuum centrifugation.  Samples were then 

loaded onto 4-12% SDS-PAGE gel (ExpressPlus; GenScript) using Tris-MOPS (SDS) running 

buffer and proteins resolved by applying 150V until the bromphenol blue dye reached the bottom 

of the gel.  Fluorography was done as described in (30) and film was incubated with gel for 8 

days at -80 °C.  Stars indicate Hpm1-methylated proteins substrates.  Vertical black lines show 

where irrelevant lanes were removed from the gel.  (E) Nuclei-enriched fractions were isolated 

from wild type and hpm1∆ cells as described in (30).  12 µg of recombinant His-Hpm1 was 

incubated alone or with 23 µg of nuclei-enriched fractions from wild type and hpm1∆ in the 

presence of [methyl-3H]AdoMet (1 µM) and methylation buffer for 5 h at 30 °C.  Samples were 

treated with 1 unit of benzonase for 30 min at 30 °C. Proteins were resolved in a 4-12% SDS-

PAGE gel (Run Blue) and radiolabeled proteins detected by fluorography as described above.  

Film was exposed for 11 days at -80 °C.  The star indicates an Hpm1-methylated protein product 

corresponding to the size of Rpl3 (~44 kDa).     
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FIG 4.  Cells deficient in Rpl3 methylation have reduced translational fidelity.  Dual-

luciferase assays were performed to quantify stop codon readthrough, amino acid 

misincorporation, and programmed -1 ribosomal frameshifting (-1 PRF), as described in (30), for 

WT, hpm1∆, and rpl3-H243A cells. (A) The percent readthrough of the UAA and UAG stop 

codons was calculated by taking the firefly/Renilla luminescence ratio of cells containing the 

stop codon-containing vector divided by the same ratio of the respective control. (B) The percent 

amino acid misincorporation was calculated as in (A).  (C) The percent -1 PRF was calculated by 
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taking the firefly/Renilla luminescence ratio of cells containing pJD376 (L-A virus gag-

pol frameshift signal) divided by the same ratio of the no frameshift control (pJD375).  Error 

bars represent the standard deviation.   
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Ribosomal Protein Methyltransferases in the Yeast Saccharomyces cerevisiae:  Roles in     

Ribosome Biogenesis and Translation 

Qais Al-Hadid, Kevin Roy, Guillaume Chanfreau, and Steven Clarke 

ABSTRACT 

A significant percentage of the methyltransferasome in Saccharomyces cerevisiae and 

higher eukaryotes is devoted to methylation of the ribosome and its associated translation 

components.  Methylation of the RNA components of the translational machinery has been 

studied extensively and is important for structure stability, ribosome biogenesis, and translational 

fidelity.  However, the functional effects of ribosomal protein methylation by their cognate 

methyltransferases lag far behind.  Previous work has shown that the ribosomal protein 

methyltransferase, Hpm1, is important for ribosome biogenesis and translation elongation 

fidelity.  In this study, we aimed to uncover the functional roles of the nine other known 

methyltransferases responsible for ribosomal protein methylation.  Yeast strains deficient in each 

of the ten ribosomal protein methyltransferases in S. cerevisiae were examined for potential 

defects in ribosome biogenesis and translation.  Like Hpm1-deficient cells, loss of eight of the 

nine other ribosomal protein methyltransferases resulted in defects in early pre-rRNA processing 

or in ribosomal subunit synthesis.  All mutant strains exhibited elevated polysome levels, 

compared to wild type, and most were significantly resistant to the ribosome inhibitors, 

anisomycin and cycloheximide.  Translational fidelity assays measuring stop codon suppression, 

amino acid misincorporation, and programmed -1 ribosomal frameshifting, revealed that eight of 

the ten enzymes are important for translation elongation fidelity and the remaining two are 

necessary for translation termination efficiency.  Altogether, these results demonstrate that 
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ribosomal protein methyltransferases in S. cerevisiae are playing important roles in ribosome 

biogenesis and translation.   

 

INTRODUCTION 

Translational components are modified by the addition of one or more methyl groups, in 

all domains of life, by structurally related enzymes called methyltransferases.  These 

modifications occur on components of the translational machinery including:  ribosomal RNA 

(rRNA), transfer RNA (tRNA), messenger RNA (mRNA), translation factors, and ribosomal 

proteins (1–5).  More than half of the known methyltransferases in the yeast Saccharomyces 

cerevisiae are responsible for the modification of these ribosomal components, suggesting that 

methylation of translational components is important for cellular function (6).  Methylation of 

the RNA components of the ribosomes are important for ribosome synthesis, structure stability, 

and translational fidelity (3, 4, 7, 8).  Similarly, methylation of elongation and release factors 

have been demonstrated to be important for translational fidelity and termination efficiency (5, 

9).  However, the functions of methyltransferases responsible for ribosomal protein methylation 

are not well characterized and little has been done to uncover their biological activities.   

In Escherichia coli, six ribosomal proteins have been shown to be methylated to date 

(S11, L3, L7/12, L11, L16, L33) (5, 10, 11), as well as nine in S. cerevisiae (Rps2, Rps3, 

Rps25ab, Rps27ab, Rpl1ab, Rpl3, Rpl12ab, Rpl23ab, Rpl42ab) (12–19), and six in humans 

(Rps2, Rps3, Rps10, Rps12, Rps25, L29) (20–23).  Additionally, Rpl12 and Rpl3 have been 

predicted to be methylated in humans but this has not yet been shown experimentally (14, 24).  

The variability in ribosomal protein methylation patterns in these organisms may reflect the 
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differences in their complexity or indicate roles for most of these modifications in processes that 

are not conserved.  However, methylation of bacterial proteins L3 and L11 and their eukaryotic 

orthologs (Rpl3 and Rpl12ab/Rpl12, respectively) appears to be consistent (Table 1), suggesting 

these modifications may be playing similar roles in all these organisms in processes that are 

conserved, such as translation elongation.  Furthermore, Rps2, Rps3, and Rps25ab/Rps25 

methylation occurs in S. cerevisiae and humans (Table 1) but has not been reported in E. coli or 

other prokaryotes, suggesting these modifications may be involved in eukaryotic-specific 

functions, such as nuclear-cytoplasmic transport. 

We previously showed that the yeast methyltransferase, Hpm1, plays an important role in 

ribosome biogenesis and translation (25).  Cells deficient in Hpm1 exhibited abnormal pre-rRNA 

processing, defects in 60S large ribosomal subunit synthesis, and decreased translation 

elongation fidelity (25).  The defect in translational fidelity of Hpm1-deficient cells was found to 

be attributed to the loss of methylation of its ribosomal substrate, Rpl3 (Chapter 6).  To 

determine if the nine other known ribosomal protein methyltransferases in S. cerevisiae are 

playing similar roles as Hpm1, we investigated the consequences of depleting each ribosomal 

protein methyltransferase on ribosome biogenesis and translation.  We show eight of nine of 

these enzymes are important for ribosome biogenesis as their loss results in early pre-rRNA 

processing defects and/or altered levels of ribosomal subunits.  Interestingly, all ribosomal 

protein methyltransferase mutants exhibited elevated levels of polysomes and almost all showed 

higher resistance to the ribosomal inhibitors, anisomycin and cycloheximide.  These results 

suggested that these strains may have translational defects and therefore we tested for potential 

defects in translational accuracy.  Loss of seven of the nine methyltransferases resulted in 

increased readthrough of stop codons and amino acid misincorporation, whereas, loss of the two 
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other enzymes resulted only in increased stop codon readthrough.  Additionally, all ribosomal 

protein methyltransferase mutants had higher frequencies of programmed -1 ribosomal 

frameshifting (-1 PRF).  This suggests that all the ribosomal protein methyltransferases in S. 

cerevisiae are necessary for accurate translation elongation or termination.  Altogether, these 

data show that ribosomal protein methyltransferase in S. cerevisiae are important for ribosome 

biogenesis and translation. 

 

MATERIALS AND METHODS 

Strains and growth media – All strains used are in the BY4742 background (MATα, his3Δ1; 

leu2Δ0; lys2Δ0; ura3Δ0) obtained from the Open Biosystems yeast knockout collection (Thermo 

Scientific).  All strains contain a kanamycin resistance marker in place of the open reading frame 

of each ribosomal protein methyltransferase.  Yeast strains were grown in 1% yeast  extract, 2% 

peptone, and 2% dextrose (YPD, Difco) or minimal synthetic defined media lacking uracil (SD –

ura) containing 0.17% yeast nitrogen base without ammonium sulfate and amino acids (BD 

Biosciences), 0.077% complete supplement mixture without uracil (MP Biomedicals; 

114511212), 0.5% ammonium sulfate (Acros; 423400010), and 2% dextrose (Fisher; D16-1). 

Northern blot analysis - All procedures were performed as previously described (25) except that 

a ribonucleotide probe was used that is complementary to the entire 5’ETS region of the 35S 

transcript. 
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RESULTS 

Loss of yeast ribosomal protein methyltransferases results in aberrant pre-rRNA 

processing, abnormal ribosomal subunit levels, and increased polysomes.  In prior work, we 

showed that the protein histidine methyltransferase, Hpm1, in S. cerevisiae, is needed to promote 

normal ribosome biogenesis (25).  Yeast cells lacking Hpm1 exhibited defects in early pre-rRNA 

processing resulting in significant accumulation of 35S and 23S rRNA precursors, reduced levels 

of large ribosomal subunits (60S), and a surplus of small subunits (40S), demonstrating that 

Hpm1 is important for proper ribosome synthesis (25).  To determine if the nine other known 

ribosomal protein methyltransferases in S. cerevisiae are involved in pre-rRNA processing and 

ribosomal subunit biogenesis, Northern blot and polysome profile analyses were performed.  An 

RNA probe that binds to the entire 5’-ETS region of the 35S transcript (upstream of A1) was 

used to detect for aberrant accumulation of 35S and 23S precursors, which is indicative of cells 

defective in early pre-rRNA processing (26, 27).   During normal pre-rRNA processing, 35S 

precursors are quickly cleaved by nucleases at A0, followed by A1, and then A2, which separates 

the small and large ribosomal subunit biogenesis pathways (28, 29).  Defects in processing at 

these sites results in cleavage at the A3 site prior to A0, A1, and A2, which leads to the 

accumulation of the 23S pre-rRNA species.  Hence, accumulation of the 35S and 23S precursors 

serves as a marker for pre-rRNA processing defects.  hpm1∆ was used as a positive control as it 

was previously shown to accumulate 35S and 23S (25).  Cells lacking Rkm5 showed slight 

accumulation of 35S and 23S precursors, relative to wild type, although not to the same extent as 

hpm1∆, suggesting a defect in pre-rRNA processing in Rkm5-deficient cells (Fig. 1).  The other 

eight strains accumulated 35S to the same extent as wild type, indicating that the 35S precursor 

is processed normally in these strains (Fig. 1).  However, five of these ribosomal protein 
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methyltransferase-deficient strains (rkm2∆, rkm3∆, rkm4∆, ntm1∆, rmt1∆) accumulated higher 

levels of 23S precursors than wild type, suggesting defects in pre-rRNA processing in these 

strains as well (Fig. 1).  Loss of Rkm1, Rmt2, or Sfm1 did not result in 35S or 23S accumulation 

indicating that these enzymes are not playing a role in early pre-rRNA processing (Fig. 1).  

These results indicate that in addition to Hpm1, the following enzymes are important for normal 

early pre-rRNA processing:  Rkm2, Rkm3, Rkm4, Rkm5, Ntm1, and Rmt1 

Next, we sought to determine if, like hpm1∆, loss of each of the other ribosomal protein 

methyltransferases results in defects in ribosomal subunit biogenesis and/or translation by 

polysome profile analysis.  Lysates were prepared from wild type and each of the ten ribosomal 

protein methyltransferase-deficient strains and ribosomal components separated by sucrose 

density ultracentrifugation.  Alterations in the levels of small (40S) and large (60S) ribosomal 

subunits, intact ribosomes (80S), and polyribosomes (polysomes) indicate defects in ribosome 

biogenesis and/or translation.  Like Hpm1-deficient cells, loss of Rkm1, Ntm1, Rmt1, or Rmt2 

resulted in a deficit of 60S subunits (Fig. 2A).  This defect in 60S biogenesis is highlighted by a 

significant decrease in the free 60S/free 40S subunit ratio in these strains, compared to wild type 

(Fig. 2B).  Interestingly, Rkm1 or Rmt2-deficient cells did not exhibit early pre-rRNA 

processing defects, yet both strains were deficient in 60S biogenesis (Fig. 2A).  This suggests 

that Rkm1 and Rmt2 are not playing a role in the early assembly of the ribosome but are instead 

important at a later stage of biogenesis, likely after the A2 cleavage step that separates the small 

and large ribosomal subunit synthesis pathways.  Loss of Rkm3 and Rkm4, on the other hand, 

resulted in slightly increased levels of 60S subunits and consequently, increased free subunit 

ratios (Fig. 2A, 2B).  Loss of Rkm2 or Rkm5 had no impact on the levels of ribosomal 

components, despite these strains exhibiting defects in early pre-rRNA processing (Fig. 2A, 2B).  
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This suggests that these enzymes are important during early pre-rRNA processing but are not 

required for synthesis of ribosomal subunits.  This is similar to what has been reported for Rrp5-

deficient cells, which are defective at the A2 cleavage step resulting in the formation of 21S 

precursors but nonetheless, synthesize ribosomal subunits to the same extent as wild type (26, 

27). 

  Sfm1-deficient cells exhibited a normal polysome profile, similar to wild type (Fig. 2A, 

2B).  The lack of early pre-rRNA processing defects and a normal polysome profile for Sfm1-

deficient cells suggests that the enzyme is not playing a role in either pre-rRNA processing or 

ribosome biogenesis.  These data suggest that in addition to Hpm1, the following 

methyltransferases are important for normal levels of ribosomal subunits:  Rkm1, Rkm3, Rkm4, 

Ntm1, Rmt1, and Rmt2.   

Interestingly, all ribosomal protein methyltransferase-deficient strains had an increased 

proportion of polysomes, compared to wild type (Fig. 2A).  This increase in the polysome 

fraction is evident in the higher polysome/80S ratios in these strains (Fig. 2C).   Polysomes are 

usually engaged in active translation and therefore increased polysomes should result in higher 

translational output and cellular proliferation.  However, growth of these strains on agar plates or 

liquid media (data not shown) was similar to wild type, suggesting that the increased polysome 

levels in the ribosomal protein methyltransferase-deficient strains was not resulting in increased 

translational activity.  Indeed, we previously showed that cells lacking Hpm1 or deficient in 

methylation of its substrate, Rpl3, had increased polysome levels, relative to wild type (Chapter 

6).  These cells were shown to have defects in translation elongation fidelity, which likely 

resulted in increased transit time of the error-prone ribosomes and stabilization of translationally-

repressed ribosomes (Chapter 6).  Transit time corresponds to the time after initiation for the 
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ribosome to complete polypeptide synthesis and peptide release.  Defects in translation 

elongation or termination are therefore expected to increased mRNA transit times and polysome 

levels.  Prior studies have shown a correlation between translation elongation defects, increased 

mRNA transit times, and consequently increased polysome levels (30, 31).  It is thus likely that 

the increased levels of polysomes in the ribosomal protein methyltransferase-deficient strains are 

caused by defects in translation elongation or termination. 

 

Cells deficient in ribosomal protein methyltransferases are resistant to the A-site 

and E-site ribosome-binding drugs, anisomycin and cycloheximide, respectively.  Next we 

tested if the defects in pre-rRNA processing and/or ribosomal subunit biogenesis or the enhanced 

levels of polysomes in the ribosomal protein methyltransferase-deficient strains correlated with 

altered sensitivities to ribosome-binding drugs.  Altered sensitivities to these drugs may indicate 

structural and/or functional distortions to the regions that these drugs bind.  Drugs that bind to 

different functional centers of the ribosome were used including:  anisomycin, paramomycin, and 

cycloheximide.  Anisomycin binds to the A-site of the ribosome and acts a competitive inhibitor 

of aminoacyl-tRNAs (32).  Paramomycin binds to the decoding center of the small subunit and 

induces translational errors (33).  Cycloheximide binds to the E-site of the large subunit and 

inhibits translation elongation (34).  Previously, we showed that Hpm1-deficient cells are more 

resistant than wild type to anisomycin and cycloheximide, suggesting alterations to the A and E-

sites of the large ribosomal subunit of hpm1∆ cells (24, Ch, 6).  Remarkably, all of the ribosomal 

protein methyltransferase-deficient strains showed enhanced resistance to anisomycin and 

cycloheximide, relative to wild type, with the exception of rkm4∆, which showed increased 

sensitivity to cycloheximide (Fig. 3), as has previously been reported (19, 35).  The similar 
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resistance phenotype of all these strains to anisomycin and cycloheximide indicates a defect at a 

common functional step, likely in translation elongation or termination, rather than a common 

structural distortion at the A-site and E-site of the large subunit. 

 

Loss of ribosomal protein methyltransferases results in defects in translation 

elongation and termination efficiency.  Previously we demonstrated that loss of Hpm1 resulted 

in reduced translation elongation fidelity (25).  To determine if the other ribosomal protein 

methyltransferases are important for translational fidelity, we performed assays measuring stop 

codon suppression, amino acid misincorporation, and programmed -1 ribosomal frameshifting (-

1 PRF).  These assays utilize dual-luciferase reporter genes:  Renilla followed by firefly 

luciferase, separated by a linker region, under the control of a constitutive promoter.  The amount 

of firefly luciferase luminescence correlates with translational errors in all three assays and the 

amount of Renilla luciferase luminescence is used to correct for differences in translation 

initiation and mRNA levels of the dual reporters.  To measure stop codon suppression, vectors 

containing stop codons (UAA and UAG) in the linker region between the Renilla and firefly 

luciferase genes were used and the amount of reporter luminescence was measured.  Increased 

readthrough of the stop codons, as a result of defects in elongation or termination, would result in 

increased firefly luciferase luminescence.  Loss of each of the ten ribosomal protein 

methyltransferases resulted in increased readthrough of the UAA and UAG stop codons, 

compared to wild type (Fig. 4A, 4B).  This result suggests that all ten ribosomal protein 

methyltransferases in S. cerevisiae are important for translation elongation or termination fidelity 

as the stop codon readthrough phenotype can arise due to defects in elongation or termination.  

To determine if the translational fidelity defects in all ten strains is occurring at the elongation or 
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termination step, amino acid misincorporation was measured, which measures elongation fidelity 

defects.  Amino acid misincorporation levels were determined using a dual-luciferase reporter 

vector with a point mutation in the firefly gene at a catalytically-important residue (K529) to a 

near-cognate asparagine residue (36).  This mutation renders firefly luciferase catalytically-

deficient.  High fidelity translation would result in incorporation of the asparagine residue at 

position 529 and synthesis of an inactive firefly luciferase.  However, reduced translational 

accuracy would result in increased frequencies of near-cognate and non-cognate aminoacyl-

tRNA accommodation and increases the chances of misincorporating the wild type lysine reside, 

resulting in the synthesis of an active firefly luciferase enzyme.  Hence, reduced translation 

elongation accuracy would result in the production of more active firefly luciferase enzymes and 

as a consequence, greater firefly luciferase luminescence.  All ribosomal protein 

methyltransferase-deficient strains exhibited significantly higher frequencies of amino acid 

misincorporation (> 2-fold), except for rkm2∆ and ntm1∆, which had similar levels of 

misincorporation as wild type (Fig. 4C).  This suggests that most ribosomal protein 

methyltransferases are important for translation elongation fidelity, whereas Rkm2 and Ntm1 are 

important in translation termination efficiency.  Finally, to corroborate that these strains have 

defects in translation, we measured the frequencies of programmed -1 ribosomal frameshifting (-

1 PRF), which has previously been shown to correlate with translation elongation defects (37).  

To measure -1 PRF efficiency, a dual-luciferase reporter vector was used that contained a viral 

L-A direct -1 PRF signal between the Renilla and firefly genes (38).  Firefly luciferase synthesis 

depends on the -1 PRF event as it is out of frame of the Renilla open reading frame.  Defects in 

translation elongation or termination increases the transit times of ribosomes on mRNAs and 

consequently, increases the probability of a -1 PRF event occurring (30, 31, 39).  Hence, defects 
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in translation elongation or termination should result in more firefly luciferase production.  Loss 

of each of the ten ribosomal protein methyltransferases resulted in enhanced -1 PRF efficiency 

(Fig. 4D).  Notably, loss of Rkm5 or Ntm1 resulted in > 2-fold increase in -1 PRF efficiency 

(Fig. 4D).  These results suggest that ribosomal protein methyltransferases in S. cerevisiae are 

important for translation elongation and termination fidelity.  

  

DISCUSSION 

 In this study, we aimed to uncover the biological roles of ribosomal protein 

methyltransferases in S. cerevisiae.  Hpm1 was previously shown to be involved in ribosome 

biogenesis and important for translational fidelity and we sought to determine if the nine other 

known ribosomal protein methyltransferases in S. cerevisiae are playing similar roles.  We 

showed that almost all of these enzymes, except Sfm1, are playing roles at some stage during 

ribosome assembly, as their loss resulted in defects in early pre-rRNA processing and/or 

ribosome biogenesis (Fig. 1, Fig. 2, Table 2).  Seven of these enzymes (Hpm1, Rkm2, Rkm3, 

Rkm4, Rkm5, Ntm1, Rmt1) are important during early ribosome assembly and two (Rkm1, 

Rmt2) are important at a later stage, likely following the separation of the pre-40S and pre-60S 

processing pathways.  Most of these enzymes (except Rkm2, Rkm5, and Sfm1) were also shown 

to be necessary for proper ribosomal subunit biosynthesis, as cells lacking any of these enzymes 

had abnormal levels of free ribosomal subunits (Fig. 2, Table 2).  Although Rkm2 and Rkm5 are 

important for normal processing of early rRNA precursors, they are dispensable for synthesis of 

normal levels of ribosomal subunits.  Similar phenotypes have been reported previously in 

studies that showed that pre-rRNA processing defects can occur without resulting in an 
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imbalance in ribosomal subunits, since S. cerevisiae can proceed with ribosome biogenesis 

through an alternative pathway that involves cleavage at site A3 first (26, 27, 40).  Interestingly, 

six out of the seven methyltransferases that were shown to be important for ribosome biogenesis 

can localize or are predominantly localized to the nucleus (Table 1).  The nucleus is where the 

bulk of ribosome assembly takes place (28, 29, 41), which suggests that these methyltransferases 

(Hpm1, Rkm1, Rkm3, Rkm4, Rmt1, and Rmt2) are likely active participants during the assembly 

process of the ribosome.  From the cytoplasmically-localized ribosomal protein 

methyltransferases (Table 1), only Ntm1 is required for ribosome biogenesis.  This indicates that 

Ntm1 may not be actively involved in the assembly process of the ribosome but instead 

methylation of its ribosomal protein substrate, Rpl12, may be important for ribosomal assembly, 

as Rpl12 is known to be imported in the nucleus and assemble with pre-ribosomes along with 

most of the ribosomal proteins (28, 29).  Ntm1 may also have unknown substrates whose 

methylation is important for the assembly process.  Unexpectedly, the human homolog of Ntm1, 

METTL11A, can localize to the nucleus (Table 1), unlike its yeast counterpart, suggesting that it 

may also be important for ribosome biogenesis and/or an active participant in the assembly 

process.  It is also interesting to note that the predominantly nuclear-localized 

methyltransferases, Rkm3 and Rkm4, are required for normal ribosome biogenesis, yet their 

ribosomal protein substrate, Rpl42, does not assemble with pre-ribosomes in the nucleus but 

rather, at a later step in the cytoplasm.  This raises the question as to the spatial and temporal 

association between Rkm3 and Rkm4 with Rpl42 and suggests that the enzymes likely methylate 

free or ribosome-associated Rpl42 in the cytoplasm prior to their import into the nucleus.  The 

latter possibility is unlikely because the Rpl42 methylation sites are embedded within the 25S 

rRNA of the mature ribosomes and are unlikely to be recognized by the methyltransferases (6, 
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42).  Rkm3 and Rkm4 may also have additional unknown substrates in the nucleus whose 

methylation is important for ribosome biogenesis or the catalytic activities of these enzymes may 

be dispensable for ribosome biogenesis as has been reported for several protein and rRNA 

methyltransferases (43, 44).  To uncover these putative substrates, tandem-affinity purification of 

the enzymes followed by in vitro methylation assays with interacting proteins need to be 

performed, which will also give insight into their spatial and temporal associations with 

assembling ribosomes. 

Unlike the differential phenotypes of the ribosomal protein methyltransferase-deficient 

strains in pre-rRNA processing and ribosome biogenesis, these strains all showed a remarkable 

similarity in their resistance to the ribosome-binding drugs anisomycin and cycloheximide, 

except for rkm4∆, which was hypersensitive to cycloheximide as has previously been reported 

(19).  This antibiotic resistance phenotype of these strains correlated with their increased levels 

of polysomes.  We previously showed that Hpm1-deficient cells had elevated polysome levels, 

significant resistance to anisomycin and cycloheximide, and translation elongation defects 

(Chapter 6).  Several studies have also shown a correlation between increased polysome levels 

and translation elongation defects (30, 31, 39).  This prompted us to test if these 

methyltransferase-deficient strains have defects in translation elongation or termination.  

Translational fidelity assays measuring stop codon readthrough, amino acid misincorporation, 

and programmed -1 ribosomal frameshifting demonstrated that all the ribosomal protein 

methyltransferases in S. cerevisiae are important for translational accuracy.  Loss of Ntm1 or 

Rkm2 resulted in increased readthrough of stop codons but had no major effect on amino acid 

misincorporation, suggesting that these enzymes are important for translation termination but not 

necessary for elongation, unlike the other eight enzymes.  Importantly, Ntm1 and Rkm2 
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methylate the same ribosomal substrate, Rpl12, at the N-terminus of the protein (14, 19) that is 

exposed to the cytoplasm and a component of the GTPase-associated center (GAC), which is 

known to interact with translation factors and couples GTP hydrolysis with translation elongation 

or termination (45–47).  It is therefore possible that methylation of Rpl12 by Ntm1 and Rkm2 is 

important for recruitment of translation release factors to the GAC and/or coupling GTP 

hydrolysis to polypeptide synthesis termination.  Moreover, previous work has shown that these 

two enzymes may be functionally linked as loss of Ntm1 resulted in the loss of methylation on 

Rpl12 at not only the Ntm1 methylation site (P1) but also the methylation site of Rkm2 (K3) 

(14).  The other eight enzymes all had increased levels of amino acid misincorporation and stop 

codon suppression suggesting these enzymes are important for elongation accuracy.  The stop 

codon readthrough phenotype in these cells is likely a consequence of an elongation rather than a 

termination defect as has previously been reported (36).  This is puzzling as the methylation sites 

of these enzymes on their ribosomal protein substrates are dispersed throughout the ribosome (6).  

It is unclear if these translational fidelity phenotypes are dependent or independent of the pre-

rRNA processing and ribosome biogenesis defects of cells lacking these enzymes.  It is possible 

that aberrant ribosome biogenesis would result in ribosomes with altered structures and/or 

functionality that diminishes fidelity of protein synthesis.  Alternatively, these enzymes may be 

multifunctional with separate roles in ribosome biogenesis and translation and methylation of 

their ribosomal protein substrates may be important for maintaining proper ribosome 

conformations during the decoding, peptidyl transfer, and translocation steps of elongation.  To 

address this concern, similar analyses need to be done with ribosomes lacking methylation at 

each of the sites targeted by these ribosomal protein methyltransferases.  Also rRNA structure, 

biochemical, and biophysical characterization of ribosomes isolated from each of these 
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ribosomal protein methyltransferase-deficient strains needs to be done to get a clear understating 

as to how or if methylation of ribosomal proteins in S. cerevisiae promotes ribosome biogenesis 

and accurate protein production. 
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Table 1.  Conservation of ribosomal protein methylation in the three kingdoms of life.  

Methylated ribosomal proteins in S. cerevisiae are shown with their cognate methyltransferases.  

Homologous ribosomal proteins that are also methylated in E. coli and H. sapiens are indicated 

with their cognate methyltransferases.  Methyltransferases in bold are known to methylate their 

cognate ribosomal protein substrates and those in non-bold are predicted to methylate their 

cognate substrates.  The subcellular localization of the proteins is indicated as N for nuclear and 

C for cytoplasmic.  Subcellular localization was determined using online resources described in 

(48, 49).  The extent of methylation is denoted as mono for monomethylation, di for 

demethylation, and tri for trimethylation. 
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Table 2.  Phenotypic summary of ribosomal protein methyltransferase-deficient strains.  

Relative levels of 23S pre-rRNA (Fig. 1) and growth inhibition in the presence of ribosome-

binding drugs (Fig. 3), compared to wild type, and are shown with arrows.  Strains with no 

change observed are indicated with a dotted line.  Levels of ribosomal subunits (60S/40S; Fig. 

2), polysomes (polysome/80S; Fig.2), elongation fidelity defects (% amino acid 

misincorporation; Fig. 4), and termination defects (average % readthrough of UAA and UAG 

stop codons; Fig. 4) in the ribosomal protein methyltransferase-deficient strains, relative to wild 

type, are shown.  Bold numbers indicate values that are significantly different from wild type (p 

< 0.05). 
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FIG. 1.  Loss of ribosomal protein methyltransferases in S. cerevisiae results in differential 

pre-rRNA processing defects.  Northern blot analysis was done as previously described (25), 

except a riboprobe was used that binds to the entire 5’-ETS region (upstream of A1).  hpm1∆ and 

rpl3-H243A were used as positive control for pre-rRNA processing defects (Chapter 6).  The 

experiment was performed one time. 
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FIG.  2.  Cells lacking ribosomal protein methyltransferases in S. cerevisiae have altered 

levels of ribosomal subunits.  (A)  Polysome profile analyses of wild type and cells deficient in 

each of the ribosomal protein methyltransferases in S. cerevisiae was done as described 

previously (25).  Two independent profiles were obtained for each strain, one of which is shown 

here.  (B) Ribosomal subunit levels were determined by directly weighing cutouts of half peak 

areas (assuming Gaussian-like distribution of ribosome particles) from printer paper using an 
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analytical balance.  Error bars represent standard deviation of two independent profiles.  

Unpaired t-test two-tailed p-values were calculated to determine significant differences between 

wild type and each of the ribosomal protein methyltransferase mutants.  hpm1∆ p = 0.006, rmt1∆ 

p = 0.008, rmt2∆ p = 0.008, rkm1∆ p = 0.04, ntm1∆ p = 0.02.  (C)  Levels of intact ribosomes 

(80S) was determined by directly weighing half the peak area, assuming Gaussian-like 

distribution, and polysome levels were determined by weighting the peaks after 80S.  Error bars 

represent standard deviation of two independent profiles.  Unpaired t-test two-tailed p-values 

were calculated to determine significant differences between wild type and each of the ribosomal 

protein methyltransferase mutants.  rkm4∆ p = 0.04, ntm1∆ p = 0.04.  p < 0.05 (*), p < 0.01 (**).  
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FIG. 3.  Cells deficient in ribosomal protein methyltransferases show altered sensitivities to 

the ribosome-targeting drugs anismoycin and cycloheximide.  Exponentially growing wild 

type and ribosomal protein methyltransferase knockouts were diluted to OD600 nm 0.5 and serially 

diluted 10-fold on YPD agar plates to 0.5*10-2 in the presence or absence of anismoycin (10 

µg/ml) and cycloheximide (500 ng/ml) and incubated for 5 days at 30°C.  3 µl were spotted on 

YPD and anismoycin-containing plates and 5 µl were spotted on cycloheximide-containing 

plates.  Spot plates shown are representative of one of two biological replicates. 
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FIG.  4.  Cells deficient in ribosomal protein methyltransferases have reduced translational 

fidelity.  Translation elongation and termination accuracy were measured in cells lacking each of 

the ten ribosomal protein methyltransferases.  A dual-luciferase reporter assay consisting of a 

Renilla luciferase gene fused C-terminally to a firefly luciferase gene separated by a linker 

region was used to measure stop codon readthrough, amino acid misincorporation, and 

programmed -1 ribosomal frameshifting (-1 PRF), as described previously (25, 36, 38). (A)  A 

dual-luciferase reporter vector containing a UAA stop codon in the linker region between the 

Renilla and firefly luciferase genes and its respective control vector were transformed into wild 

type and each of the ten ribosomal protein methyltransferase mutants and assayed for firefly and 

Renilla luminescence.  Percent readthrough was calculated by taking the firefly/Renilla 
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luminescence ratio of the UAA-containing vector divided by the same ratio in the respective 

control.  Error bars represent standard deviation.  hpm1∆ p = 0.0003, rkm1∆ p < 0.0001, rkm2∆ p 

= 0.002, rkm3∆ p = 0.0002, rkm4∆ p = 0.006, rkm5∆ p < 0.0001, ntm1∆ p < 0.0001, rmt1∆ p < 

0.0001, rmt2∆ p < 0.0001, sfm1∆ p < 0.0001.  Wild type was assayed 9 independent times and 

mutants were assayed three independent times. (B)  Same as in (A) except a UAG stop codon 

was used.  Wild type was assayed for a total of 10 biological replicates and mutants 3-4 

biological replicates.  hpm1∆ p = 0.0009, rkm3∆ p = 0.0002, rkm4∆ p < 0.0001, rkm5∆ p < 

0.0001, ntm1∆ p = 0.004, rmt1∆ p = 0.0001, rmt2∆ p < 0.0001, sfm1∆ p < 0.0001   (C) Amino 

acid misincorporation was measured using a vector containing a catalytically-inactivating 

K529N point mutation in the firefly gene (36).  Percent amino acid misincorporation was 

measured as in (A).  Wild type was assayed 6 independent times and mutants were assayed 3-4 

independent time.  hpm1∆ p = 0.02, rkm1∆ p = 0.003, rkm3∆ p = 0.006, rkm4∆ p < 0.0001, 

rkm5∆ p < 0.0001, rmt1∆ p = 0.0001, rmt2∆ p < 0.0001, sfm1∆ p = 0.001.  (D)  A dual-luciferase 

reporter vector was used containing a -1 frameshift signal in the linker region.  Percent -1 PRF 

was calculated by taking the firefly/Renilla luminescence ratio of cells containing pJD376 (L-A 

virus gag-pol frameshift signal) divided by the same ratio of cells containing the no frameshift 

control (pJD375).  Error bars represent standard deviation of at least two independent 

experiments.  Strains were assayed 2-4 independent times.  hpm1∆ p = 0.03, rkm1∆ p = 0.006, 

rkm3∆ p = 0.03, rkm5∆ p = 0.03, ntm1∆ p = 0.02, sfm1∆ p = 0.02.  Frameshift vectors were 

generously provided by Jonathan Dinman at the University of Maryland, MD and described (38).  

p < 0.05 (*), p < 0.01 (**) , p < 0.001 (***), p < 0.0001 (****). 
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 My thesis work has shed light on the characteristics and cellular functions of ribosomal 

protein methyltransferases in the yeast Saccharomyces cerevisiae.  Prior to this work, very little 

was known about ribosomal protein methyltransferases, particularly in eukaryotes.  In the past 

few years, more progress has been made in uncovering the roles of ribosomal protein 

methylation in mammals, especially arginine methylation, which has been shown to be important 

for localizing ribosomal proteins and for  assembling ribosomes in the nucleus (1, 2).  

Nevertheless, the results presented in this thesis are only the tip of the iceberg and much more 

remains to be discovered.  Below I address my thoughts and suggestions for advancing the 

endeavor of uncovering the roles of ribosomal protein methylation. 

  

Is ribosomal protein methylation modulated by environmental stimuli or invariable? 

 Numerous mass spectrometric studies have shed light on the methylation status of 

ribosomal proteins in prokaryotic and eukaryotic cells (3–5).  These studies generally examined 

the modification status of the ribosomal proteins under optimal growth conditions and not under 

variable environmental and/or stress conditions.  This raises the question of whether the 

environment influences the methylation condition of the ribosome.  If the environment has an 

altering effect on the modification of the ribosome, different methylation patterns are likely to 

occur in vivo.  Several studies have demonstrated that the environment can have a modulating 

effect on the methylation status of the ribosome.  In the bacterium Escherichia coli, the 

ribosomal protein L7/L12 is differentially methylated with respect to the temperature of the 

environment; at the optimal temperature (37°C), the protein is mainly unmodified, however, at 

colder temperature, the methylation of the protein increases more than 5-fold (6).  In the yeast S. 
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cerevisiae, ribosomal protein Rps2 is partially methylated during exponential growth but its 

methylation increases 10-fold in stationary phase (7).  Rebecca Lipson in our lab was the first to 

report this phenomenon (8) and I have also observed this when I changed the carbon source of 

the growth media from a fermentable (glucose) to a non-fermentable sugar (glycerol) (data not 

shown).  Hypermethylation of Rps2 probably promotes its export from the nucleus, as its cognate 

enzyme, Rmt1, is known to methylate RNA-binding proteins and promote their nuclear export 

(9–11).  As Rps2 is directly involved in exporting pre-40S subunits from the nucleus to the 

cytoplasm (12), its re-localization into the cytoplasm would block further export and production 

of small subunits, resulting in cell growth inhibition.  Hence, the extent of Rps2 methylation is 

likely fine-tuned to regulate the levels of small subunits available for translation.  This likely 

represents an additional regulatory mechanism to tweak cellular growth rate in response to 

nutrient availability in the environment.  Further mass spectrometric analyses of ribosomal 

proteins purified from cells grown under different environmental conditions/stress need to be 

done to determine which ribosomal proteins are variably methylated, which will give a wealth of 

information as to the roles of these methylation reactions. 

 

 Identifying interactions networks and additional substrates of ribosomal protein 

methyltransferases. 

 Ribosomal protein methylation substrates have been identified in S. cerevisiae as have 

their cognate enzymes.  However, since most of these enzymes were shown to be important for 

ribosome biogenesis in Chapter 7, they are highly likely to interact with additional proteins and 

have additional substrates.  In Chapter 5 and 6, we show that the catalytic activity of Hpm1 is 
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important for ribosome biogenesis but not methylation of its primary substrate Rpl3, which 

suggests that Hpm1 has additional substrates whose methylation is important for ribosome 

biogenesis.  To identify methylation and non-methylation targets of Hpm1 and the other 

ribosomal protein methyltransferases, these enzymes need to be purified from cell extracts and 

their associated proteins identified using mass spectrometry.  Strains are commercially available 

that have most of these methyltransferase genes TAP tagged at their endogenous loci.  TAP 

purification of these enzymes followed by LC-MS/MS of co-purified proteins will identify their 

interactions networks.  Proteins that are top-hits can then be tested using in vitro methylation 

assays to determine methylation substrates.  This will not only identify additional substrates but 

also spatial and temporal functions in ribosome biogenesis. 

 

 What are the specific translational defects in methylation-deficient ribosomes? 

 In Chapter 7, I showed that all of the ribosomal protein methyltransferases in S. 

cerevisiae are essential for translational fidelity as their loss resulted in decreased elongation and 

termination accuracy.  However, the underlying mechanistic defects were unclear.  It is possible 

that the strains exhibiting defects in ribosome biogenesis synthesized ribosomes with suboptimal 

conformations during translation resulting in increased error during protein synthesis.  To 

address this concern, rRNA structure analysis needs to be done for all of the ribosomal protein 

methyltransferase-deficient strains to determine potential structural flaws.  In addition, the 

peptidyl transferase activity, binding affinities of aminoacyl tRNAs and translation factors to the 

ribosome or their GTPase activities could be compromised.  These aspects of translation can be 

measured using various in vitro translation assays as previously described (13–15). 
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  Does loss of ribosomal protein methylation phenocopy loss of the cognate 

methyltransferases? 

 In Chapter 6 and 7, my collaborator Kevin Roy and I showed that although Hpm1 is 

involved in ribosome biogenesis and translation, methylation of its primary substrate, Rpl3, is 

only important for the latter role.  This suggested that Hpm1 has additional substrates that likely 

function in ribosome biogenesis.  Hence, it is incorrect to assume that loss of the ribosomal 

protein methyltransferase will phenocopy loss of methylation of its ribosomal protein substrate.  

To determine the precise roles of ribosomal protein methylation, the ribosomal protein 

methylated residues need to be mutated at their endogenous loci and the assays measuring 

defects in ribosome biogenesis and translation performed.  Alternatively, ribosomal protein 

genes can be mutated and cells rescued with wild type ribosomal proteins or mutants lacking the 

methylated residues. 
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