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Translational fidelity is of vital importance to the ribosome as it strikes an optimal 

balance between speed and accuracy.  The study of factors contributing to the structure 

and function of the ribosome by assaying effects on fidelity yields important insights into 

the mechanism of the ribosome.  Ribosomal protein L2 is vital to the structure and 

function of the ribosome with importance in RNA interaction and positioning, ribosomal 

subunit binding, and peptidyl transfer.  Sixteen unique alleles of the RPL2A gene were 

studied for their effects on translational fidelity and general ribosome function.  

Mutations at V48D and L125Q of the highly structured globular domain proved generally 

deleterious to growth, but resistant to anisomycin, and markedly increased -1 

programmed ribosomal frameshifting.  H215Y, a mutation at the site of interaction with 

H93 of the peptidyl transferase center (PTC), was both sparsomycin and anisomycin 

resistant, indicating a functional impact on the PTC structure.  Mutations at F185L and 



  

W195C border conserved rRNA binding regions and proved hyperaccurate in 

misincorporation studies.  Understanding of fidelity and proper tRNA selection in 

translation requires analysis of how the ribosome discriminates between cognate, near-

cognate, and non-cognate tRNAs.  Measuring misreading of several codon substitutions 

in the context of paromomycin as well as mutations and deletions of contributing 

elongation factors and ribosome structural elements allowed further understanding of 

interactions governing tRNA selection and tRNA misincorporation events.  A mutant of 

eEF1Bα, the nucleotide exchange factor for eEF1A, promoted a general increase in 

fidelity.  Interestingly, a mutated ribosomal protein L5, though distant from the decoding 

center, also stimulated hyperfidelity in both near- and non-cognate cases.  Distinction 

between near- and non-cognate tRNA interactions on the ribosome was observed in tests 

using paromomycin, and in studying mutations of eEF1Bγ with both demonstrating 

increased misreading of near-cognate codons but hyperaccurate decoding of non-cognate 

codons.  
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Chapter 1: Background 

 

Introduction 

The ribosome is a large ribonucleoprotein complex responsible for carrying out 

the process of protein synthesis in all living cells.  In the yeast Saccharomyces cerevisiae, 

the ribosome is composed of 78 unique proteins and 4 different ribosomal RNA (rRNA) 

molecules (Planta and Mager, 1998).  The ribosome complex is comprised of a small and 

a large subunit.  The small subunit sediments at 40S in eukaryotes and 30S in prokaryotic 

organisms and is the location for the messenger RNA (mRNA) decoding function of the 

ribosome.  The larger subunit (60S in eukaryotes and 50S in prokaryotes) performs the 

central catalytic action of the ribosome, peptidyl transfer.  

  The 46 proteins of the yeast large ribosomal subunit surround a core of three 

rRNA molecules, 25S, 5.8S, and 5S.   With the solution of the atomic level structure of 

the Haloarcula marismortui ribosome, the peptidyl transferase center (PTC) active site 

proved to consist entirely of RNA (Ban et al, 2000).   Observation of additional crystals 

bound with active site substrate analogs led to the assertion that the ribosome is a 

ribozyme (Nissen et al, 2000) displacing ribosomal proteins as the purported source of 

catalysis. 
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Initiation 

The process of translation can be divided into three sections: initiation, 

elongation, and termination.  While a variety of initiation mechanisms exist, eukaryotic 

cap-dependent initiation will be described here, as it is used in the majority of cellular 

message translation in Saccharomyces cerevisiae.  As shown in figure 1.1, the 5’ ends of 

most mRNAs have a 7-methylguanosine cap and poly-A tails which are recognized by 

translation factors in the cell (Shatkin, 1976; Rau et al., 1977).  The 43S pre-initiation 

complex is created when eIF2, GTP and Met-tRNAMet bind the 40S ribosomal subunit 

allowing eIF1, eIF1A, eIF3, and eIF5 to bind.  eIF4F, itself composed of 4 subunits 

(eIF4A, eIF4B, eIF4E, and eIF4G), binds the 7-methylguanosine cap of the mRNA, 

interacts with the poly-A binding proteins, and recruits the 43S pre-initiation complex to 

the 5’ end of the message (Grifio et el., 1983; Kozak, 1999; Le et al., 1997).  ATP-

dependent scanning of the mRNA proceeds from 5’ to 3’ until reaching the start codon 

(Kozak, 1980).  The start codon is an AUG sequence in the proper context for 

recognition, a specificity that is poorly understood.  At this point, GTP hydrolysis by 

eIF5 and eIF2 displaces the initiation factors and the 60s ribosomal subunit joins to form 

a functional 80s ribosome (Sachs et al., 1997). 
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Elongation 

Elongation consists of several steps, divided here as aminoacyl-tRNA selection 

and accommodation, peptidyl-transfer, and translocation.  With the P-site of the ribosome 

already occupied by tRNA, an aminoacyl-tRNA is accepted and accommodated into the 

A-site.  This is followed by transfer of the nascent peptide chain to the amino acid on the 

3’ end of the A-site tRNA, and translocation of that same A-site tRNA to the P-site. 

 

Aminoacyl-tRNA selection and accommodation 

The “kinetic proofreading” model for tRNA selection identifies two distinct 

points of discrimination for tRNA selection by the ribosome, and divides the process into 

six intermediate steps (Ogle and Ramakrishnan, 2005).  Initial binding of the tRNA 

occurs rapidly as the anticodon end of the aminoacyl-tRNA is sampled by the ribosome 

until a codon match and recognition occurs.  This is the first discriminatory step of 

selection, as non-cognate tRNAs that do not match the codon sequence in the A-site are 

rejected.  When a proper matching tRNA binds and forms base pairs in the A-site, the 

complex is stabilized as a network of interactions between the small and large subunit 

rRNA and the tRNA triggers conformational change, GTPase activation, and GTP 

hydrolysis by eEF1A. 

 During accommodation, a cognate tRNA is fully accepted into the ribosome as 

the 3’ end of the aminoacyl-tRNA moves into the peptidyl transferase center (computer 

simulation by Sanbonmatsu et al., 2005).  As the tRNA must unbend and allow its 3’ end 

to shift significantly along a specific pathway through two accommodation ‘gates’ to 

arrive at the PTC, the ribosome is afforded a second point of discrimination.  While this 
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mechanism isn’t fully understood, it is possible that near- and non-cognate tRNAs that 

reach this step are in an incorrect configuration such that the trajectory of the 3’ end of 

the tRNA is unable to pass through the pathway to the PTC, and the tRNA is rejected. 

(Sanbonmatsu et al., 2005). 

 

 

Peptidyl transfer 

Following accommodation of aminoacyl-tRNA into the A-site, the main catalytic 

function of the ribosome, peptidyl transfer, occurs in the PTC.  As crystal structures of 

the ribosome have come available, the active site for peptidyl transfer has proven to be 

composed entirely of rRNA (Ban et al., 2000).  The mechanism of peptidyl transfer is 
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currently unknown, though many possibilities have been presented.  The process is 

possibly activated by an induced fit mechanism as the PTC structurally rearranges after 

accommodation (Schmeing et al., 2005).  However it is catalyzed, the post-

accommodation arrangement of the PTC allows the amino group of the aminoacyl-tRNA 

to proceed with nucleophilic attack on the carbonyl of the ester connecting the nascent 

peptide chain to the peptidyl-tRNA.  Suggested mechanisms for peptidyl transfer have 

spanned from acid-base catalysis (Katunin et al., 2002), to substrate assisted catalysis 

(Weinger et al., 2004), to proximity scenarios (Sievers et al., 2004).  In E. coli, A2451 (S. 

cerevisiae A2841) has most often been implicated in catalysis (Nissen et al., 2000), as 

well as the 2’-OH of peptidyl-tRNA A76 (Weinger et al., 2004). 

 

Translocation 

Translocation is the process of shifting the translational apparatus in the 3’ 

direction by three nucleotides.  The hybrid states model of the entire translocation cycle 

is represented schematically in figure 1.3.  Following peptidyl transfer, the tRNAs shift 

such that the former peptidyl-tRNA is displaced into the E-site and the aminoacyl-tRNA 

(now the peptidyl-tRNA) is shifted from an A-site/P-site hybrid state fully into the P-site 

and the cycle can begin again with aminoacyl-tRNA selection and accommodation into 

an empty A-site.  The translocation step requires EF-G and GTP hydrolysis to proceed 

efficiently but its specific mechanism is unknown.  Structural rearrangements have been 

observed on both the small and large subunits during translocation (Wilson and Noller, 

1998; Gabashvili et al., 1999; Agrawal et al., 1999).  There also appears to be a role for 

the shifting positions of the various bridges between the subunits as a large distance 
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ratchet-like movement of the small subunit relative to the large subunit has been observed 

during and is required for translocation (Frank and Agrawal, 2000; Spahn et al., 2004; 

Horan and Noller, 2007). 

 

 

Termination 

Termination occurs as the polypeptide chain is released from the ribosome by 

hydrolysis of the ester bond attaching it to the peptidyl-tRNA.  Release factors recognize 

the arrival of a stop codon (UAA, UAG or UGA), in the A-site decoding center of the 

ribosome and trigger the peptide release and subsequent dissociation of release factors 

from the ribosome.  While the mechanism of translation termination is not fully 
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understood, it is known that a water molecule must be allowed into the PTC of the 

ribosome for ester bond hydrolysis and eRF1 most likely directs the introduction of this 

molecule (Song et al., 2000). 

 

Translational recoding 

The ribosome serves to translate mRNA into protein within all cells.  It has  

evolved to perform this function with an effective balance of accuracy and speed; 

incorporating 10-20 amino acids per second with only 1 mistake for 3000 codons 

translated (Laughrea, 1981).  Coding mistakes by the ribosome can manifest themselves 

as shifts in reading frame, or in events such as missense incorporation and termination 

readthrough (nonsense suppression). 

 

Programmed -1 ribosomal frameshifting 

Programmed –1 frameshifting (-1 PRF) was first identified in the Rous sarcoma 

virus where, as in many viral systems, it serves to regulate the relative abundance of two 

products:  an abundant Gag (major capsid) protein encoded by the 5’ region of the first 

open reading frame, and a Gag-pol protein encoded as a fusion of the 5’ gag and the 3’ 

pol genes (Jacks and Varmus, 1985).  The L-A viruse of yeast and the HIV-1 virus 

exhibit the best studied examples of -1 PRF, but signals can be found in genomes of 

many organisms, including humans (Dinman et al., 1991; Jacks et al 1988; Wills et al., 

2006).  The most common cis-acting signals required for –1 PRF contain a 5’ heptameric 

slippery site, a downstream mRNA secondary structure (usually an mRNA pseudoknot), 
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and an intervening spacer region to ensure proper positioning of the ribosome.  The 

heptameric slippery site can be represented as N NNW WWH, where N is any 3 of the 

same base; W is an A or U; and H is A, C, or U.  When the ribosome encounters the 

pseudoknot it pauses, allowing the ribosome to shift frame and re-pair in the -1 frame. 

(Somogyi et al., 1993; Tu et al, 1992).  The spacer region is thought to direct the 

ribosome to pause with its aminoacyl and peptidyl tRNAs positioned over the slippery 

site.   

As mentioned above, the yeast L-A virus is a well understood model of -1 PRF.  

This single segment double stranded RNA genome has two overlapping ORFs connected 

by a -1 PRF signal.  Gag is the capsid protein, encoded by the first ORF and the sequence 

for Pol, the viral RNA dependent RNA polymerase, is found in the second ORF (Dinman 

et al., 1991).  In most cases, no frameshift occurs and Gag is produced; but in the event of 

a frameshift, Gag-Pol fusion protein is produced.  The proper efficiency of frameshift 

events and resulting ratio of structural to enzymatic protein is necessary for optimal 

propagation of the L-A virus.  The L-A virus also supports a satellite virus identified as 

M1, which codes for only a toxin and immunity to the same toxin, and is thus completely 

dependent on the packaging and enzyme capabilities of L-A.  The toxin is secreted by 

yeast harboring both L-A and M1 viruses, providing a growth advantage by killing nearby 

cells that do not have M1.  While both L-A and M1 propagation are dependent on a 

particular rate of frameshifting, M1 is more sensitive to translational defects that may 

interfere with virus particle formation and can be used as an assay for such defects 

(Dinman and Wickner, 1992). 
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Programmed +1 ribosomal frameshifting 

Certain cis-acting elements on mRNAs are able to program ribosomes to shift 

reading frame by 1 base in the 3’ direction.  Programmed +1 frameshifting (+1 PRF) 

signals are used by both prokaryotic and eukaryotic genes, as well as several Ty 

retrotransposons in yeast where it is used to create an enzymatic fusion protein at a 

relatively low frequency (Belcourt and Farabaugh, 1990; Farabaugh et al., 1993; Wilson 

et al., 1986).  +1 PRF occurs simply at a heptameric slippery site that contains a non-

abundant A-site codon.  In this kinetically driven process, these “hungry” codons pause 

the ribosome, allowing the more abundant +1 frame A-site tRNA to bind (Farabaugh et 

al, 1993).  The Ty1 retrotransposable element was the first example of +1 PRF identified 

in eukaryotes; where similar to -1 PRF, it regulates the ratio of production for TYA (gag) 

and TYB (pol) genes.  The slippery site is CUU AGG C, such that the previously 

described “hungry” codon is AGG, which encodes a rare aa-tRNAArg; in the +1 frame 

GGC codes for an abundant Glycine tRNA.  This kinetic model of +1 PRF was supported 

when overexpression of Arg-tRNACCU decreased +1 PRF 43-fold and its deletion 

generated almost 100% efficient frameshifting (Belcourt and Farabaugh, 1990; 

Kawakami et al., 1993). 
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Missense incorporation and nonsense suppression 

Missense incorporation is simply the incorrect decoding of the messenger RNA 

such that a near- or non-cognate tRNA is used for a certain codon, leading to the 

incorrect amino acid in the peptide chain.  Missense incorporation is discussed in greater 

detail in chapter 3.  Nonsense suppression is an error that results in readthrough past a 

prescribed termination codon. This readthrough occurs when a termination codon is 

decoded with a suppressor tRNA and the ribosome continues to translate in the 3’ 

direction (Beier and Grimm, 2001). 
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Chapter 2: Ribosomal protein L2 

 

Introduction 

Ribosomal proteins have consistently proven to be more than mere 

scaffolds for ribosomal RNA assembly. Ribosomal protein L2 in particular participates in 

a number of interesting intermolecular interactions and possible functions. L2 makes 

contact with multiple domains of the large subunit rRNA (Klein et al, 2004) and forms an 

intersubunit bridge with the 18S rRNA of the small subunit (Spahn et al, 2001).  L2 falls 

into a group of ribosomal proteins containing acidic globular domains at the periphery 

and highly basic extensions penetrating into the rRNA core of the ribosome (Klein et al, 

2004).  Its SH3 β-barrel globular domain participates in the intersubunit bridge, and 

interacts mainly with rpL43, and helices 79 and 65. The middle bridge region of the 

protein L2 is encased in rRNA, making extensive contacts with many separate helices, 

including H33, H65, H66 and H67. The extension region closely approaches the peptidyl-

tRNA in a particularly strong interaction with the major groove of helix 93 at the PTC. 

Previous research on L2 was primarily performed in Escherichia coli. Its 

contacts and structure are remarkably conserved, such that E. coli expressing 

Haloarcula marismortui L2 is viable despite significant sequence variation 

(Wittman-Liebold et al, 1995). L2 is one of the few proteins absolutely required for 

peptidyl transfer (Schulze and Nierhaus, 1982). In fact, mutation of the universally 

conserved Histidine 229 (E. coli numbering) was shown to abolish peptidyl transfer 

(Cooperman et al, 1995).  This study aims to perform analyze the role of ribosomal 
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protein L2 in the structure and function of the ribosome by studying the effects of 

mutations on many assayable characteristics of translational fidelity.  After this initial 

foray into L2 mutagenesis, the groundwork will be laid for further mutation of specific 

residues and regions known to be important for translational fidelity in the ribosome. 
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Materials and methods 

 

Strains, plasmids, and media 

Table 2.1 and Appendix A catalogue the S. cerevisiae strains used in this study.  

Plasmids were amplified in Escherichia coli strain DH5α.  Oligonucleotides obtained 

from IDT (Coralville, IA) which were used in plasmid construction and sequencing are 

listed in Appendix B.  E. coli were transformed using a calcium chloride method 
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(Sambrook et al., 1989) and yeast were transformed with an alkali cation protocol (Ito et 

al., 1983).  YPAD, synthetic complete (SC), synthetic dropout medium (H-), 4.7 MB 

plates for testing the killer phenotype were used as previously described (Wickner and 

Leibowitz, 1976; Dinman and Wickner, 1994). 

 

L2 knockout strain construction 

In yeast, L2 is encoded by two identical genes (RPL2A and RPL2B).  RPL2A was 

cloned in three segments (5’ UTR, ORF, and 3’ UTR) each separated by unique 

restriction sites added during PCR, and inserted into the pRS316 (CEN6-URA3) plasmid 

in which URA3 is available for auxotrophic selection.  The pRS series of yeast shuttle 

vectors were described previously (Christianson et al., 1992; Sikorski and Hieter, 1989).  

The 5’UTR fragment is 815 bp, the ORF is 949 basepairs, and the 3’UTR was 270 

basepairs.  The product was named pRPL2A-URA3.  The three-segment RPL2A cassette 

was also cloned into the pRS315 plasmid (CEN6-LEU2) to generate pRPL2A-LEU2.  In 

parallel, haploid strains of opposite mating type each with a knockout of one copy were 

obtained commercially (Resgen #1411 and 15712), and one of these was transformed 

with pRPL2A-URA3.  The two strains were then mated, sporulated, and tetrads dissected 

to obtain a haploid rpl2A, rpl2B double knockout strain supported by a plasmid borne 

copy of the gene from pRPL2A-URA3. The strain was confirmed by inability to grow on 

5-fluoroorotic acid (5-FOA). 
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Mutation library creation 

Mutations in the ORF of RPL2A were generated by both random mutagenesis and 

site-directed mutagenesis techniques.  Random mutagenesis of the RPL2A ORF was 
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performed using an error-prone PCR and gap-repair procedure (Muhlrad et al., 1992).  

The Stratagene Genemorph II Random Mutagenesis Kit (Stratagene, La Jolla CA) was 

utilized and reaction conditions were optimized for 1-3 mutations per thousand 

nucleotides.  The primers used (forward: RPL2ARMF and reverse: RPL2ARMR, 

Appendix B) include the start and stop codons and are complimentary to the 5’ and 3’ 

untranslated regions of RPL2A.  Following the PCR reaction, mutated fragments were 

cotransformed into yeast with linearized and agarose gel purified pRPL2A-LEU2 with 

the ORF removed such that it contained only the 5’ and 3’ UTR regions of RPL2A.  Cells 

were then selected for growth on medium lacking leucine (-leu).  Under these conditions, 

cells can only grow consequent to homologous recombination events between the 

linearized plasmid and the PCR products to regenerate covalently closed plasmids. After 

initial selection on -leu media, cells were replicated to media containing 5-FOA to select 

for cells that had lost pRPL2A-URA3, leaving colonies with only the mutant-bearing 

pRPL2A-LEU2.  As an initial screen of the population, these colonies were tested for 

their ability to maintain the killer virus, a general indicator of translational defects.  The 

killer assay was performed with the tested colonies replica plated onto an even lawn of 

killer-susceptible 5X47 indicator cells spread over 4.7MB (Dinman and Wickner, 1992).  

Colonies that showed killer phenotypes (Killer loss, K-; or Killer reduction Kr) were 

subjected to a plasmid rescue.  Plasmids taken from the yeast were amplified in E. coli 

and then retransformed into strain JD1269, the wildtype pRPL2A-URA3 was eliminated 

on 5-FOA, and the Killer assay was repeated. 

Site-directed mutagenesis was carried out using the Stratagene Quikchange XL 

site directed mutagenesis kit.  The method utilizes two inverse primers harboring the 
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same base change to generate new full-length plasmid sequence with the desired 

mutation.  DpnI is used to digest and eliminate the methylated parental plasmid DNA and 

when the reaction mixture is transformed into E. coli, nicks in the new plasmids are 

repaired and mutated plasmid is amplified.  Site directed mutagenesis primers are used 

are listed in Appendix B. 

 

Temperature response, drug sensitivity, and growth curves 

The ribosomal binding sites of each drug tested are well understood and their 

phenotypic effects have long been examined.   Paromomycin binds to the small subunit 

rRNA, changing the structure of the of the A-site decoding center (Moazed and Noller, 

1987; Fourmy et al, 1998; Vicens and Westhof, 2001).   This interaction increases the 

rate of tRNA misincorporation.   Sparsomycin and anisomycin both bind at the peptidyl 

transferase center of the ribosome large subunit, inhibit protein synthesis, and affect -1 

PRF (Dinman et al, 1997; Hansen et al, 2003).  Sparsomycin binds the P-site bound 

tRNA in the peptidyltransferase center, increasing the ribosome’s affinity for P-site 

tRNA.  Anisomycin competes and interferes with the binding of aminoacyl tRNA to the 

A-site of the peptidyl transferase center (Hansen et al, 2003). 
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Dilution spot assays were used to test growth at various temperatures and drug 

concentrations.  For all conditions, yeast cells were grown to the logarithmic growth 

phase and then diluted to 1 x 106 colony forming units per milliliter.  10-fold dilutions of 

each strain were spotted in sequence on YPAD, or YPAD containing various 

concentrations of paromomycin or anisomycin (Sigma Aldrich, St. Louis, MO).  Each 

serial dilution was spotted onto 8 different plates, three were for temperature testing at 

15°, 30°, and 37°C, and the other 5 plates contained paromomycin at 1500, 3000, or 5000 

µg/ml; or anisomycin at 10 or 20 µg/ml and were incubated at 30°C for 2 days.   
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Drug sensitivity was also tested using a filter disc assay (Dinman and Kinzy, 

1997).  Yeast cells were grown overnight to saturation, OD595 was measured, and the 

culture was diluted to a concentration of 0.2.  300µl of the solution was spread evenly 

onto freshly prepared YPAD plates and allowed to dry.  Anisomycin, Paromomycin, and 

Sparsomycin solutions were prepared, allowing each drug concentration to be applied in 

10µl volume to sterile Whatman paper discs which are subsequently placed on the tested 

lawn of yeast.  Following optimization for the strain background, discs were prepared 

containing 40µg Anisomycin, 30µg Sparsomycin, and 6 mg Paromomycin.  

   Growth curves were generated in quadruplicate in a Synergy HT micro-plate 

reader (Bio-Tek Instruments, Inc., Winooski, VT), utilizing the KC4 software package.  

Yeast growth at 30° was measured in 48 well plates starting at an optical density of 0.5 at 

595nm in 0.5ml of H-leucine media.  Cultures were subjected to constant high intensity 

shaking and automatic OD595 readings of each well were taken every 20 minutes for 40 

hours.  Cultures were tested in duplicate on each of 2 different plates to generate a growth 

curve for each strain and the 4 readings were averaged for each timepoint.  Data analysis 

for the automated growth curves was performed as previously described (Warringer and 

Blomberg, 2003; Jasnos et al, 2005; and Touissant et al, 2006).  Blank control well values 

were subtracted from the raw optical density data, which was then smoothed and log 

transformed to generate growth curves and allow calculation of doubling times and a lag 

phase estimation for each strain.  Doubling times were determined by calculating the 

slope over 3 data points and using the average of the lower 5 of the 7 highest slopes to 

generate the meanDT.  Doubling time is equal to the log10 of 2 divided by the meanDT. 
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Translational fidelity assays 

Translational fidelity characteristics of each strain were measured by testing 

efficiencies of -1 PRF, +1 PRF, nonsense suppression, and near- and noncognate 

missense incorporation using dual luciferase assays.  Constructs are pictured in figure 

2.5.  The test construct for -1 PRF includes a -1 frameshift signal from the yeast L-A 

virus and the downstream Firefly luciferase gene in the -1 frame, and the +1 PRF test 

construct includes a Ty1 yeast retrotransposon +1 frameshift signal and the downstream 

firefly gene in the +1 frame.  The control, -1 PRF, and +1 PRF plasmids were described 

previously (Harger and Dinman, 2003).  Plasmids to measure near and non-cognate 

missense incorporation were generated by mutating Arginine 218 in the catalytic center 

of the firefly luciferase gene such that a misincorporation of arginine at the site is 

required for expression of the functional luciferase protein (Rakwalska and Rospert, 

2004).  AGC (Serine) or TCT (Cysteine) codons replace the wild-type AGA (Arginine) 

codon at the position in near- and non-cognate test constructs, respectively.  Nonsense 

suppression was measured by simply inserting an in-frame stop codon such that a 

readthrough event is necessary for expression of the downstream firefly luciferase.  

Reaction reagents were from the Dual-Luciferase® Reporter Assay System (Promega 

Corporation, Madison, WI) and luminescence readings were measured by a TD20/20 

luminometer (Turner Designs Inc. Sunnyvale, CA).  Each individual assay compares a 

ratio of two luciferase (firefly and renilla) intensities from the test construct to a 0-frame 

control plasmid.  The ratio of this test to the control was calculated and normalized to the 

wild-type value, with enough replicates for >95% confidence (minimum of 9 replicates).  
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All calculations and standard errors were determined as described by Jacobs and Dinman 

(2004). 

 

 

 

Polysome profiles 

To generate polysome profiles, cytoplasmic extracts were prepared from yeast 

growing at mid-logarithmic phase with OD595 between 0.5 and 0.7 (protocol adapted 

from Baim et al 1985).  Ice cold solution containing 200 µg/ml cyclohexamide, 20 mM 
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Tris-HCl pH 7.0, 50 mM KCl, 12 mM MgCl2 and 1 mM β-mercaptoethanol was used for 

cell lysis and to arrest elongating ribosomes on mRNAs.  Cells were maintained at 4ºC as 

they were harvested using tabletop centrifugation and through disruption with glass beads 

in a Mini Beadbeater.  Extracts were clarified by centrifugation at 14000 rpm for 10 

minutes at 4°C in a tabletop centrifuge, and supernatant fractions containing polysomes 

were aliquoted as 6.0 optical units at OD280 in total volumes of 200µl.  Aliquots were 

applied to 13 ml linear 7%-47% sucrose gradients containing the same components as the 

lysis buffer described above.  An SW41 rotor was used to spin the gradients at 40,000 

rpm for 135 minutes at 4°C.  An ISCO-5 gradient fractionator was used to read 

continuously at 254 nm across the gradient. 

 

Computational analysis 

The molecular visualization tool Pymol (Delano, 2002) was used to view and 

examine available crystal structures of the ribosome.  Images in this document are based 

primarily on structures from Spahn et al., 2001, in which atomic resolution crystal 

structures from Haloarcula marismortui and Thermus thermophilus were docked into 

cryo-EM structures from Saccharomyces cerevisiae (pdb accession numbers 1s1h and 

1s1i). 
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Results 

 

rpl2A alleles 

Random PCR mutagenesis was used to generate a library of rpl2a alleles.  PCR 

products and linearized Eco RI/Spe I digested pPRL2A-LEU2 were introduced into 

JD1315 cells, transformants were initially selected for growth on –leu medium, and then 

replica plated to medium containing 5-FOA.  Preliminary analysis using 5-FOA revealed 

that approximately 30% of the mutants were not viable as the sole form of rpl2a.   All 

mutations created both in random mutagenesis and later site-directed mutagenesis are 

catalogued in Appendix A.  Killer virus maintenance was employed as a general indicator 

to identify mutants conferring general translational defects.  Approximately 10,000 

candidate colonies were screened, with 79 initially displaying Killer loss (K-) or Killer 

reduced (Kr) phenotypes.  Plasmids were rescued from these colonies, reintroduced into 

JD1315 cells, and taken again through the selection and killer analysis protocols. This 

analysis revealed that 16 of the mutants truly promoted the K- phenotype, while 13 

conferred Kr phenotypes.  In all, plasmids from 36 selected strains (including the 29 

promoting killer phenotypes) were sequenced. 

 The majority of the killer defective rpl2A alleles contained multiple mutations and 

resulting amino acid changes, with 22 of the alleles having 3 or more mutations.  Two 

alleles had mutations in their stop codons, resulting in C-terminal extensions containing 

an extra 4 amino acids (YIMY).  Six strains generated only had double mutations and 6 

alleles contained single point mutations.  Oligonucleotide site-directed mutagenesis was 

used to generate a bank of single mutations for further analysis.  Residues were selected 
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for mutation based on the frequency with which individual mutations occurred, and their 

locations within the structure of L2.  Examination of the L2 structure reveals that it can 

be generally divided into three domains:  1) a highly structured globular domain that 

abuts the solvent accessible side of the large subunit; 2) a C-terminal “finger” that 

extends deep into the core of the large subunit; and 3) “bridge” region that connects the 

globular and finger domains. Figure 2.6 shows the 16 single rpl2A alleles and the rRNA 

and tRNA features in the region surrounding the protein. Amino acid residues 

corresponding to mutations in the globular domain are colored green, those in the bridge 

are red, and mutants in the extension are shown as yellow spheres. 
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Temperature variable dilution spots and growth curves 

Growth characteristics for all single mutation strains were determined at 15°, 30°, 

and 37°C using dilution spot assays and growth curves were generated at 30°C, allowing 

comparisons of growth and doubling times.  Conditions of 15° C were designed to test 
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cold-sensitivity and 37° C was selected to indicate heat sensitivity; however, no 

significant temperature-associated phenotypes were identified in mutant strains via 

dilution spot assay (Figure 2.7).  Mutations associated with the globular, structured 

domain of the protein (V48D and L125Q) grew most poorly in dilution spot assays across 

all tested temperatures. 

 Growth curves provide a qualitative impression of growth for each strain as well 

as quantitative doubling time information (Figure 2.8).  Several strains (R5H, W195C, 

K197M, T198S, P209R, A221V, and R226S) displayed a flat growth phenotype with 

little defining characteristics and doubling times near or greater than 3 hours.  The flat 

growth curve and slower doubling times indicate a lack of exponential growth 

characteristic of a wild-type yeast strain in culture.  Other strains (A11D, V48D, L125Q, 

P150Q, G172C) provided a somewhat classic growth curve shape, with reasonable 

doubling times (between 1.83 and 2.5 hours), but failed to approach the density of the 

saturated wildtype cultures.  The most interesting growth phenotypes were in the F185L 

and N214S hyper-growing strains.  These strains had shorter doubling times than wild-

type, and grew to a higher saturation concentration before entering the liquid-culture 

death phase.  H215Y and I218N demonstrated growth similar to wild-type yeast in terms 

of both saturation concentration and doubling time. 
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Mutant pharmacological response 

Each single mutation strain was tested for sensitivity to the drugs anisomycin, 

paromomycin, and sparsomycin.  Dilution spot assays on paromomycin at concentrations 

up to 5 mg/ml did not reveal any definitive phenotypes (Figure 2.10).  However, when 

tested using a filter disc assay, the G172C mutant proves sensitive to paromomycin 

(Figure 2.11).  When anisomycin response was tested using the dilution spot assay, 

several strains (V48D, L125Q, H215Y) displayed anisomycin resistant phenotypes 

relative to wild type (Figure 2.9).  The phenotype is indicated as more serial dilution 

spots survive relative to wild type as the drug concentration increases.  The anisomycin 

resistant phenotype was generally confirmed by smaller zones of growth inhibition in the 

filter disc assay.  Sparsomycin availability limited its use to testing growth effects using 

filter disc assays (Figure 2.11).  The only clear sparsomycin response is a strong 

resistance phenotype in the H215Y strain.    
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-1 PRF and +1 PRF measurements with killer phenotypes 

None of the tested strains exhibited strong changes in +1 programmed 

frameshifting efficiency as measured by the dual luciferase assay.  Interestingly, only 3 of 

the single mutation strains consistently lose killer and those 3 strains (V48D, L125Q, and 

H215Y) have the largest increase in -1 PRF relative to wild type (Figure 2.12).  

Specifically, fold changes of 1.61 and 1.35 for V48D and L125Q, respectively, indicate a 

significant increase in -1 PRF rates over the wild-type.  The baseline -1 PRF rate 

measured for this strain was 6.29 ± 0.15 %, while the measured +1 PRF rate was 13.65 ± 

0.43 % (Table 2.2). 
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Further translational defect analysis 

The dual luciferase system was used to test further translational fidelity qualities 

of the mutant strains.  In nonsense suppression and misincorporation assays, values lower 
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than wild type indicate a hyper accurate strain.  Several strains were hyperaccurate in one 

or both tRNA misincorporation assays (F185L, W195C, P209R, I218N).  More 

promiscuous misincorporation strains were those with mutations at the extreme N or C 

termini (R5H, I218N, A221V).  Nonsense suppression testing did not yield as many 

definitive results, but strains with mutations of V48D and L125 showed increased rates of 

stop-codon readthrough, as did G172C, W195C, and I218N to lesser degrees (Figure 

2.13, Table 2.3, Table 2.4). 
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Polysome profiles 

A subset of mutants displaying the strongest phenotypes was selected for analysis 

polysome profile analyses (Figure 2.14).  Notably, the profile of the “wild-type” strain 

showed properties associated with 60S subunit defects.  Specifically, these were (a) 

decreased 60S peak heights relative to 40S peak heights, and (b) the presence of small 

“shoulders” on the right sides of the 80S and polysome peaks indicative of half-mer 

formation.  Shoulders and half-mer peaks indicate a population of mRNAs with an extra 

40S subunit compared to the associated primary peak.  The extra mass is due to a 40S 

subunit stalled at the start codon either due to a shortage of 60S subunits, or a subunit 

joining defect.  The polysome profiles of most of the strains (F185L, W195C, N214S, 

H215Y, and I218N) were indistinguishable from wild type. However, the innate 60S and 

half-mer defects were strongly accentuated in the polysome profiles of cells expressing 

the V48D and L125Q mutations. 
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Discussion 

The goal of this study was to create a variety of mutants of ribosomal protein L2 

in yeast and identify residues important for the structure and function of the protein.  

Screening for the loss of the killer virus as a general indicator of defective ribosome 

function allowed high throughput identification of interesting randomly generated 

mutants.  Most of the mutants identified as losing killer were multiple mutations.  While 

single mutation strains were selected for further study, the propensity for multiple amino 

acid changes itself provides information about the structure and function of L2.  

Ribosomal protein L2 is firmly integrated with the 25S rRNA, and the many contacts 

make it very robust and able to withstand multiple mutations.  Possibly, the propensity 

for multiple mutations could have been caused by the random mutagenesis protocol 

utilized though this is unlikely as primer concentrations and reaction conditions were 

adjusted to generate primarily single mutations.  Even though multiple mutations were 

required to generate killer phenotypes, the growth curve data reveal small but subtle 

changes that would make the mutants unable to compete with the wild-type.  This 

suggests that the structure of L2 in yeast has been fine tuned to promote optimal cell 

growth. 

The least subtle information as to the effects of the mutants was provided in the 

polysome profiles.  The first observation is of an innate defect in 60S biogenesis visible 

as shoulders on all ribosome and polysome peaks in the wild-type strain due to the 

expression of only one isoform of L2.  The strain expressing only L2A likely displays a 

60S biogenesis defect which in turn causes a slight initiation defect as 40S subunits are 

stalled at start codons due to the insufficient supply of 60S subunits.    As normal wild-
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type yeast express both L2A and L2B proteins, clearly both are required for optimal 

ribosome function.  Also, the expression of RPL2A mRNA from a cytoplasmic plasmid 

instead of its native chromosomal location might contribute to biogenesis issues with 

altered gene expression levels.  Most of the strains analyzed provided profiles 

indistinguishable from wild-type. 

The mutants harboring amino acid changes V48D and L125Q near the globular  

domain of the protein, demonstrated the strongest polysome defects.  Extreme halfmers, 

indicating initiation defects, are present resulting from an apparent 60S biogenesis defect.   

The half-mer phenotype, which is caused by 40S subunits stalled at start codons, can also 

be caused by subunit joining difficulties.  The poor growth characteristics of these strains 

in both growth curve and dilution spot assays might also be caused by a 60S biogenesis 

defect.  These two strains also lost the killer virus, likely due to the severe biogenesis 

defect; though they also demonstrated a slight increase in -1 PRF, which perhaps 

contributed to killer virus loss. 

 A few other strains generated interesting phenotypes in isolated experiments.  The 

G172C mutation displayed paromomycin sensitivity in the filter disc assay, at odds with 

the unperturbed growth of the strain background at all paromomycin concentrations.  In 

all other assays, the G172C strain was remarkably similar to wild-type.  Paromomycin 

binds at the decoding portion of the A-site on the small subunit.  While the precise 

location of the bridge between L2 and the small subunit is unknown in yeast, it is 

possible that the G172C mutation is having a distal effect on the decoding center of the 

ribosome in the small subunit by affecting this bridge.  The small subunit side of the 
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bridge with L2 likely involves 18S rRNA helices 22 and 23, which connect directly to the 

decoding center. 

 Two strains, harboring the F185L and W195C mutations, demonstrated 

hyperaccuracy phenotypes in misincorporation assays using the dual luciferase system.  

Interestingly, these two mutations border a highly conserved rRNA binding region of the 

protein.  This binding interaction indirectly links to the A-site of the PTC through helices 

64 and 71, potentially affecting A-site conformation and incorporation of aminoacyl-

tRNAs.  With the exception of an excessive growth phenotype in growth curves for the 

F185L strain, both mutations yielded near wild-type results. 

The strain harboring mutation H215Y also lost the killer virus.  Unlike the other 

two single mutations that encouraged loss of the killer virus, the H215Y strain is 

relatively healthy.  The strain had a slight increase in -1 PRF and possibly a slight 

anisomycin resistance phenotype.  The possibility of anisomycin resistance could indicate 

an aa-tRNA binding defect that could lead to loss of the killer virus.  Also of interest is 

the sparsomycin resistant phenotype in the filter disc assays.   The mutant is interesting as 

it is located in the binding pocket with H93, directly adjacent to the peptidyl transferase 

center.  The proximity of the mutation to the PTC and the binding sites for anisomycin 

and sparsomycin, suggests that the mutation may be subtly changing the structural 

conformation of the PTC to provide resistance to both drugs.  This structural aspect 

suggests that H215 may warrant more detailed study using a reverse-genetics approach. 

  This study has identified regions of ribosomal protein L2 that might be interesting 

for future study.  Specifically, further mutation of the tip of L2 that binds helix 93 at the 

PTC might provide interesting information on the structure and conformation of the 
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active site during peptidyl transfer.  Further studies will use the information gathered 

from this general assay to target specific amino acids across a range of biochemical 

properties for a more detailed analysis of L2 structure and function. 
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Chapter 3: Differentiating between near- and non-cognate codons 
in Saccharomyces cerevisiae 
 
(Published: Plant et al., 2007) 

Introduction 

Accurate transmission of biological information is a central requirement at all 

levels of life.  In cells, one aspect of this process is the faithful translation of the genetic 

code from DNA into protein.  The intermediaries in the last stage of this process include 

mRNA, tRNAs, ribosomes and many trans-acting factors.  The protein coding 

information of an mRNA is formatted as codons.  The anticodon loops of aminoacyl 

tRNAs (aa-tRNAs) form base-pairing interactions with the codons. This enables 

ribosomes to add amino acids sequentially to the nascent protein.  aa-tRNAs that can 

participate in standard Watson-Crick interactions with the first two bases in a codon and 

can form either canonical or non-Watson-Crick pairs at the third or “wobble” position are 

designated cognate-tRNAs (Crick 1966; Agris 1991).  In contrast, tRNAs that do not 

meet these requirements are commonly referred to as near- and non-cognate tRNAs.  

Utilization of near- and non-cognate tRNAs is called misreading or a missense error. 

Misreading  occurs with low frequencies of 10-3 and   10-4 per codon (Kramer and 

Farabaugh, 2007 and references within).   

The 64 codons encode 20 different amino acids and three termination signals.  In 

cases where one amino acid is represented by multiple codons, some tRNAs can decode 

more than one codon.  This redundancy is facilitated by tRNA modifications and by 

wobble base-pairing between the anticodon and the codon (reviewed in Agris et al., 

2007).  Our understanding of how the ribosome achieves such a high degree of specificity 
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has been facilitated by both kinetic and structural analyses in bacteria (reviewed in Ogle 

and Ramakrishnan, 2005; Daviter et al, 2006; Sanbonmatsu, 2006).  In vitro kinetic 

analyses using ribosomes, tRNAs, and the bacterial aa-tRNA binding factor EF-Tu have 

broken down the process of aa-tRNA selection into a series of discrete steps (reviewed in 

Daviter et al., 2006).  These studies have identified two stages (k-2 and k7) in this process 

that favor rejection of aa-tRNAs whose anticodon loops cannot base-pair with codons.  A 

mutational analysis demonstrated that two independent mechanisms corresponding to 

these two steps are required for utilization of cognate aa-tRNAs (Cochella et al., 2007).  

Structural, biophysical, and computational analyses also show a mechanism for positive 

selection of cognate aa-tRNAs (Sanbonmatsu, 2006; Cochella et al, 2007; Sanbonmatsu 

and Joseph, 2003; Sanbonmatsu, 2006) that emphasizes the geometry of base pairing at 

the ribosomal decoding center (Ogle et al., 2002).  Formation of an appropriately 

configured mini-helix in the decoding center generates an RNA minor-groove, enabling 

interaction with three critical bases of the small subunit rRNA.  Formation of this mini-

helix stimulates A1492 and A1493 of the small subunit rRNA to flip out into the minor 

groove forming a complex arrangement of hydrogen bonds with the tRNA/mRNA 

backbones in concert with G530 (Figure 3.1A).  This in turn stimulates a conformational 

change in the aa-tRNA that transduces the information from the decoding center to 

activate the GTPase activity of EF-Tu (reviewed in Cochella and Green, 2005).  The 

energy barrier for flipping out of A1492 and A1493 is sufficiently small for correct 

binding of aa-tRNA to shift the equilibrium in favor of the subsequent steps 

(Sanbonmatsu, 2006).  Aminoglycoside antibiotics such as paromomycin stimulate 

misreading by binding to the decoding center, displacing A1492 and A1493.  This forces 
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these bases  to mimic the “flipped out” conformations that they normally assume in 

response to the mini-helix formation by a cognate codon:anticodon pair (reviewed in 

Ogle and Ramakrishnan, 2005).  Together, these kinetic and biophysical mechanisms 

ensure the accurate utilization of cognate aa-tRNAs.  

An unsettled issue remains the precise distinction between “near-cognate” and 

“non-cognate” tRNAs, especially in eukaryotes.  This is important since the rational 

design or utilization of therapeutics may exploit the functional differences that exist 

between these two classes of tRNAs.  One recent study has suggested that the relative 

abundances of bacterial aa-tRNAs plays a significant role in translational accuracy 

(Kramer and Farabaugh, 2007).  By this model, highly abundant aa-tRNAs are more 

likely than low abundance aa-tRNAs to misread codons that are decoded by other low 

abundance aa-tRNAs.  This study using the yeast Saccharomyces cerevisiae supports this 

competition model.  However it also suggests that this is not sufficient to explain the 

functional differences between near- and non-cognate aa-tRNAs.  Using a series of seven 

substitutions of a codon in the catalytic site of firefly luciferase, we show that a second 

critical distinction lies in the ability to form hydrogen bonding interactions at all three 

positions between the aa-tRNA anticodon loop and the codon in the decoding center.   

This is likely the result of changes in formation of the codon:anticodon mini-helix.  Thus, 

transient formation of the mini-helix allows the rRNA and tRNA conformational changes 

required for activation of the GTPase activity of eEF1A, the eukaryotic homolog of EF-

Tu. This is supported by the demonstration of paromomycin stimulated misreading by aa-

tRNAs that are capable of forming a transient interaction. This identifies paromomycin as 

a functional probe to distinguish between near- and non-cognate aa-tRNAs. The 
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hypothetical roles in this process played by eEF1A and its associated factors, eEF1B 

and eEF1B, were also investigated.  The results suggest that the GTPase activity of 

eEF1A is preferentially stimulated by near-cognate codon:anticodon interactions, and 

point to discrete functional regions of the protein.  Studies of eEF1B, the catalytic 

subunit of the guanine nucleotide exchange factor (GEF) required for recycling of GTP-

bound eEF1A, are consistent with a kinetic model in which limiting concentrations of 

eEF1A:aa-tRNA:GTP ternary complex should decrease rates of protein synthesis, 

resulting in increased selection against both near- and non-cognate aa-tRNAs.  

Interestingly, deletion of the proposed regulatory subunit of the GEF complex, eEF1B 

tended to promote increased misreading of near-cognate codons and decreased 

misreading of non-cognate codons.  This suggests eEF1B may have a regulatory 

function.  In a final series of experiments, the potential role of the fungus-specific 

elongation factor eEF3 in translational fidelity was indirectly assayed through analysis of 

a series of mutants in the ribosomal protein L5 (rpL5).  rpL5 forms part of the ribosome 

binding site for this factor (Andersen et al., 2006). Like the eEF1B mutant, the ability of 

an rpL5 mutant to promote enhanced fidelity at both non- and near-cognate codons 

suggests that slowing rates of elongation by disrupting the synergy between eEF1A and 

eEF3 results in increased selection against both near- and non-cognate aa-tRNAs. 
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Materials and methods 

 

E. coli and yeast strains and genetic methods 

E. coli strain DH5 was used to amplify plasmids.  High efficiency 

transformations were performed as previously described (Inoue et al., 1990).  The 

Saccharomyces cerevisiae strains used in this study are listed in Table 3.4.  The RPL5 

strains were generously provided by Dr. John Woolford.  Isogenic TEF2, TEF3, and 

TEF4 yeast strains were previously described (Olarewaju et al., 2004; Anand et al, 2001; 

Carr-Schmid et al, 1999).  Strains were cultured on YPAD or synthetic complete medium 

(H-) (Dinman and Wickner, 1994) and were freshly plated and incubated for two to five 

days at 30ºC prior to transformation. Yeast were transformed with the alkali cation 

method (Ito et al., 1983), plated on appropriate selective media, and incubated at 30ºC for 

four days. To assay for paromomycin sensitivity, 10-fold dilutions of logarithmically 

growing cells were spotted onto H-leu containing drug at a concentration of 1 mg/ml, or 

onto no-drug control plates, and grown at 25ºC for 3 days. 

 

Plasmid constructs 

Plasmids used in this study contained a dual luciferase cassette on a yeast vector 

backbone with the URA3 selectable marker.  The parental pYDL-Control plasmid 

containing the wild-type Renilla and firefly luciferase genes has been described 

previously (Harger and Dinman, 2003).  Missense mutations were introduced into the 

arginine codon (AGA) at position 218 in the catalytic site of firefly luciferase (Rawalska 

and Rospert, 2004) using variations on the following primers: 
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5'-ATGCGAGAANNNGACGCAGGCAGTTCTATG-3' and  

5'-GCCTGCGTCN’N’N’TTCTCGCATGCCAGAGATC-3' (Integrated DNA 

Technology, Coralville, IA)  

where N denotes bases at codon 218 that were changed on the sense strand, and N’ are 

the corresponding bases mutagenized on the antisense strand.  Oligonucleotide site 

directed mutagenesis reactions were performed using the StrataGene Quikchange II kit 

(La Jolla, CA) according to the manufacturer’s instructions. The seven mutants thus 

created are listed in Table 3.1.  A second set of plasmids containing the yeast TRP1 

reporter were constructed by transferring the dual luciferase cassettes from the resulting 

plasmids as SpeI–XhoI fragments into p414 ADH (Mumberg et al., 1995).  

 

Dual luciferase assays 

Transformed yeast cells were grown overnight in selective medium at 30ºC to 

OD595 of 0.8 to 1.0. Cells were pelleted by centrifugation, washed twice with 0.5ml of 

cold lysis buffer (phosphate buffered saline containing 1 mM 

phenylmethylsulfonylfluoride), resuspended in cold lysis buffer and broken by agitation 

with glass beads (0.5 mm BioSpec).  Lysates were clarified by centrifugation, and 

supernatants transferred to pre-chilled tubes. Luminescence reactions were initiated by 

addition of 50 µl of Promega DLR system to 5 µl of clarified cell lysates and measured 

using a Turner Design TD20/20 luminometer.  At least three readings were taken for each 

assay and all assays were repeated (n = 3 – 12) until the data were normally distributed to 

enable statistical analyses both within and between experiments (Jacobs and Dinman, 

2004).  An unpaired two-sample t-test was used to test the hypothesis that two datasets 
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came from the same population, a rejected hypothesis indicating that the datasets were 

significantly different.  The P-values from this test is the estimation of the probability of 

an incorrect conclusion (Jacobs and Dinman, 2004). 

 

Results 

 

Baseline and Paromomycin-stimulated rates of missense suppression suggest a functional 

difference between the near- and non-cognate tRNAs 

Introduction of a missense mutation into the active site of an enzyme followed by 

quantitative measurement of the restoration of enzymatic activity can provide a basis to 

monitor translational error rates.  The arginine at position 218 of firefly luciferase is 

located in the active site and is required for enzymatic activity.  Mutation of the 

corresponding AGA arginine codon to either the AGC or UCU serine codon was 

previously used to monitor missense error rates of ribosome bound chaperone mutants in 

S. cerevisiae (Rakwalska and Rospert, 2004).  The current study employed a bicistronic 

luciferase reporter system to monitor suppression of a series of missense mutations.  This 

could functionally distinguish translational fidelity effects due to the inherent 

translatability of different codons and subsequently correlate these with trans-acting 

influences.  In this assay, the gene encoding firefly luciferase is fused in frame with a 

downstream Renilla luciferase gene.  Test plasmids harbored missense codons at position 

218 of the firefly luciferase gene (Figure 3.1B, “Missense”)  The control was identical 

except that it contained the wild-type AGA codon at this position (Figure 3.1B, “Sense”)  

Even though the two luciferase proteins are fused, the activity from each can be measured 
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independently as they utilize different substrates.  Rates of misreading were calculated by 

dividing the ratio of firefly luciferase activity to Renilla luciferase activity generated from 

the missense vector in strains  harboring the indicated mutant allele by the  ratio 

generated with the sense  plasmid.  The results were statistically tested as previously 

described (Jacobs and Dinman, 2004). 

  Previous studies have shown that missense errors occur with frequencies on the 

order of 10-4 in both E. coli and in S. cerevisiae (Kramer and Farabaugh, 2007; 

Bouadloun et al., 1983; Salas-Marco and Bedwell, 2005; Stansfield et al., 1998).  

Consistent with the literature, the seven missense mutations assayed at position 218 

demonstrated ratios of firefly to Renilla luciferase activities that were reduced by 

approximately 4 orders of magnitude in all cases (Table 3.1). Although rates of 

misreading are low and the differences between test and control samples are small, the 

sensitivity of the assay and rigor of the statistical methods enable meaningful analysis of 

the data.  Inspection of these data revealed that rates of misreading varied over an 

approximately 4.5-fold range.  The inability of any one amino acid (i.e. Ser, Cys, or Thr) 

to disproportionately influence apparent missense incorporation suggests that the assay 

monitored incorporation errors rather than altered luciferase activity arising from 

incorporation of any specific amino acid. The data reveal that the common element 

among the three most stimulatory codons is the potential to form a stable G•C base pair at 

the second position.  The observation of different error rates among the four serine 

codons (which are decoded by different tRNA families) suggests that relative tRNA 

abundances are also important.  
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Formation of the mini-helix in the decoding center stimulates flipping out of the 

small subunit bases A1492 and A1493 that in combination with G530 stabilizes this 

structure (Figure 3.1A).  Paromomycin binding to the decoding center of the small 

ribosomal subunit displaces A1492 and A1493, thus enhancing the frequency of missense 

errors (reviewed in Daviter et al, 2006).  It has been hypothesized that not only does the 

formation of the mini-helix displace A1492 and A1493, but once displaced they sterically 

position the interribose bonds to maintain A-form helices (Lim et al, 2005).  In the 

current study, translational misreading errors were significantly stimulated by 

paromomycin at codons that are capable of forming complete mini-helices with arginyl-

tRNAs: UGU, AGU and AGC (Figure 3.2).  In contrast, paromomycin did not stimulate 

misreading with anticodons unable to form the mini-helix, e.g. UCU, UCC, ACU and 

ACC.  These findings suggest a functional definition for near- versus non-cognate 

codon:anticodon interactions.  This potential to form base pairing interactions at all three 

positions, which is possibly nucleated by a strong Watson-Crick base pair at the second 
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position would allow transient formation of the mRNA:tRNA mini-helix. We propose 

this as the defining feature of a near-cognate interaction.  In contrast, non-cognate 

interactions are defined by their lack of potential to form the mini-helix. 

 

 

eEF1A mutants generally affect utilization of near-cognate aa-tRNAs 

In eukaryotes, a ternary complex composed of eEF1A, aa-tRNA, and GTP 

delivers the aa-tRNA to the A-site of the ribosome.  When an aa-tRNA containing the 

correct anticodon is sampled by the ribosome, a signal is transmitted through the body of 

the tRNA.  This stimulates GTP hydrolysis by eEF1A and subsequent accommodation of 

the tRNA into the ribosomal A-site (reviewed in Ogle and Ramakrishnan, 2005; Daviter 

et al., 2006).  eEF1A is encoded by the essential TEF1 and TEF2 genes in S. cerevisiae.  

A set of TEF2 mutants expressed in a tef1 tef2 genetic background (Sandbaken and 

Cultbertson, 1988) were assayed with respect to their effects on misreading using the 

AGC and UCU serine codons to monitor misreading of near- and non-cognate codons, 
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respectively.  The results show allele-specific responses specifically to near-cognate 

codons.  Strains bearing one of six alleles (E122K, E122Q, D156N, E286K, E295K, and 

E317K) promoted enhanced misreading of the near-cognate AGC Ser codon, but not of 

non-cognate UCU Ser (Figure 3.3A, Table 3.2, p < 0.01).  In contrast, a strain expressing 

the T142I and to the lesser extent N153T/D156E mutant were better able to distinguish 

between the cognate AGA and near-cognate AGC codons.  This enhanced fidelity did not 

extend to the non-cognate UCU codon   (Figure 3.3A, Table 3.2, p < 0.01).  In summary, 

it appears that near-cognate codons and not non-cognate are able to influence eEF1A 

activity in an allele-specific manner. 
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A mutation in eEF1Bα promotes general hyperfidelity 

After hydrolysis of GTP, the eEF1A:GDP complex is released from the ribosome.  

The eEF1B subunit (encoded by TEF5) is the essential nucleotide exchange factor 

responsible for catalytic activity in eEF1A recycling (Hiraga et al, 1993).  Analysis of the 

role of the eEF1Bα protein capitalized on the availability of the K120R S121Δ I122Δ 

mutant form of the protein that altered or deleted residues involved in critical interactions 

with the nucleotide binding pocket of eEF1A (Andersen et al, 2000).  This mutant strain 

was previously shown to enhance translational fidelity by promoting lower levels of 

readthrough at all three stop codons (Carr-Schmid et al, 1999).  In the current study, the 
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K120R S121Δ I122Δ eEF1Bα mutant showed modest but consistent enhanced fidelity at 

both the UCU and AGC non- and near-cognate codons respectively (Figure 3.3B, Table 

3.2, p < 0.01).  As discussed below, we hypothesize that this may be due to limiting 

concentrations of eEF1A:GTP. 

 

Codon-specific misreading in the absence of eEF1Bγ 

 In yeast, the eEF1 complex contains a third non-essential subunit, eEF1B.  Yeast 

cells express two isoforms of eEF1B, encoded by the TEF3 and TEF4 genes.  The N-

terminus of Tef3p exhibits structural similarity to gluthathione-S-transferases and is 

thought to participate in the regulation of elongation during stress (Jeppesen et al., 2003; 

Olarewaju et al., 2004).  Deletion of either eEF1Bγ isoform alone had no significant 

effects on misreading at either the AGC near-cognate or UGU non-cognate codons 

(Figure 3.3B, Table 3.2).  However deletion of both eEF1Bγ-encoding genes caused a 

statistically significant increase in mis-incorporation at near- but not at non-cognate 

codons (Figure 3.3B, Table 3.3). These results suggest that these two proteins have 

redundant activities and that this factor functions in ensuring translational fidelity.  To 

investigate this phenomenon further, misreading in the absence of eEF1B (tef3tef4) 

was assayed at the remaining 5 missense codons.  Although misreading of the near-

cognate AGU Ser codon was also enhanced, there was no effect on recognition of the 

‘near-cognate’ UGU Cys codon (Table 3.3, Figure 3.3C). In contrast, although 

recognition of the UCU ‘non-cognate’ codon was not affected, recognition of the other 

non-cognate codons (ACC, ACU, and UCC) was significantly enhanced by the absence 

of eEF1B. 
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The K27E mutant of ribosomal protein L5 promotes a general enhancement of fidelity 

 The three-site model of the ribosome posits that preventing simultaneous 

occupancy of the ribosomal A- and E-sites by aa-tRNA and deacylated-tRNAs 

respectively helps to coordinate the elongation cycle (reviewed in Nierhaus, 1990).  In 

fungi, the unique essential elongation factor 3 (eEF3) facilitates eEF1A-dependent A-site 

binding of aa-tRNA and has ATP-dependent activity required for the release of 

deacylated tRNA from the E site (Triana-Alonso et al., 1995).  Although ribosomal 

protein L5 (rpL5) is far from the decoding center, it has been shown to interact with 

eEF3.  Previous studies have characterized five temperature-sensitive alleles of the yeast 
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RPL5 gene encoding rpL5 (Deshmukh et al., 1995; Meskauskas and Dinman, 2001).  A 

preliminary assay of five rpl5 mutant strains using the near- (AGC) and non- (UCU) 

cognate reporters indicated that the K27E mutant of L5 tended to be generally 

hyperaccurate (data not shown).  Analysis of all 7 missense codons revealed that the 

K27E mutant generally promoted greater levels of translational accuracy (Figure 3.4A, 

Table 3.3).  Dilution spot assays revealed that rpL5-K27E is resistant to paromomycin 

(Figure 3.4B), consistent with the notion that this mutant is antagonistic to the action of 

the drug.  As discussed below, these findings suggest an indirect role for rpL5 in 

translational decoding. This may be through its association with eEF3 and account for 

some differences in A-site fidelity between bacteria and fungi. 
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Discussion 

A significant number of human diseases, including sickle cell disease and a 

significant portion of ALS cases, are caused by missense mutations.   Understanding the 

functional differences between mutations and drugs that result in near- versus non-

cognate codon usage may inform strategies for therapeutic interventions.  In the current 

study, codon misreading was examined in the yeast eukaryotic model system using a dual 

luciferase reporter in which the AGA Arg codon in the firefly luciferase catalytic site was 
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changed to AGC, AGU, UCU, UCC (serine); UGU (cysteine); and ACC or ACU 

(threonine).  Each of these substitutions has a polar sidechain like arginine, but lacks the 

positive charge.  The consistent 4-order of magnitude decrease in firefly luciferase 

activity with these substitutions agrees with previously characterized missense error rates.  

The finding that no one amino acid alters firefly luciferase activity outside a range 

supports that the assay monitors misincorporation of arginine.  The observation that the 

frequency of Arg misincorporation varied over an approximately 4.5-fold range 

independent of the identity of the encoded amino acid suggests that misincorporation 

frequency is determined by other factors.   

In each species, some codons are used more frequently than others. The codon 

bias is especially clear in highly expressed genes.  Studies in E. coli have led to the 

suggestion that codon bias minimizes the deleterious effects of aberrant decoding 

(Stoletzki and Eyre-Walker, 2007; Najafabadi et al, 2007).  Examination of codon bias in 

highly expressed yeast genes (see Plewniak, 2007) reveals that both the AGU and AGC 

Ser codons occur at a low frequency of approximately 5% of serine in the yeast genome.  

All of the other codons employed in this study occur with significantly higher 

frequencies.  UGU is the most frequently used Cys codon at 84% in highly transcribed 

genes.  Its substitution promoted even higher rates of miscoding than AGU Ser at 5% 

codon frequency.   Thus, it is clear that codon frequency is not the sole determinant of 

translational fidelity. A recent study in E. coli suggested that competition between 

different tRNAs is the underlying factor influencing misreading error rates (Kramer and 

Farabaugh, 2007).  In yeast, gene copy number for individual tRNA species correlates 

with initial estimates of relative tRNA content in normally growing cells, allowing the 
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number of functional genes encoding cognate tRNAs for each codon to be used as a 

proxy measure of tRNA abundance (Ikemura, 1982; Percudani et al., 1997).  Examination 

of yeast tRNA gene copy numbers (Hani and Feldmann, 1998) reveals that AGA Arg is 

decoded by the highly abundant tRNAArg3 (11 copies).  In support of the tRNA 

competition model, the codons that intrinsically promoted higher levels of misreading 

were decoded by lower abundance tRNAs, while those at the lower end of the range are 

decoded by more abundant tRNAs.  For example, the AGU and AGC codons are decoded 

by the relatively low abundance tRNASer3 (4 copies), and all Cys codons are decoded by 

the 4 copy tRNACys.  In contrast, the UCU and UCC codons are decoded by tRNASer2 (11 

copies), and the ACC and ACU codons are decoded by the high copy tRNAThr1a (11 

copies).  However, tRNA competition alone cannot fully explain the observed 

differences.  The pattern becomes more apparent when the ability of near-cognate codons 

to base pair with anticodons of different arginyl-tRNAs is considered (Figure 3.2).  The 

first two bases of the AGC and AGU Ser codons could be recognized by the mcm5UCU 

anticodon of the highly abundant tRNAArg3.  Base pairing at the wobble positions of these 

two codons and mcm5U is also theoretically possible through N3-N3, 4-carbonyl-amino, 

and 2-carbonyl-N3, 4-carbonyl-N3 hydrogen bonding respectively (see Figure 3.2).  Note 

that although there are three possible U•U base pairs and two possible C•U couples, the 

geometries of the N3-N3, 4-carbonyl-amino, and of the 2-carbonyl-N3, 4-carbonyl-N3 

hydrogen pairing schemes provide the most energetically favorable topologies within the 

constraints of the tRNA:mRNA mini-helix.  Further, it has been suggested that cmo5 

modification of U34 stabilizes the shape of the anticodon loop (reviewed in Agris et al., 

2007).  Although the C1’-C1’ distance between pyrimidine-pyrimidine nucleotide pairs is 
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short, and is thus destabilizing relative to that for pyrimidine-purine base pairs, 

biophysical analyses suggest that bridging water molecules could produce stable and 

planar U34•U3 and U34•C3 base pairs (reviewed in Agris et al., 2007).  Of note, although 

biophysical analyses of RNA duplexes indicate that U•U base-pairing is more stable than 

U•C pairs at pH 7.0, the observation that the AGC codon promoted > 2-fold more 

misreading than the AGU codon suggests that this particular U•C base pair is more 

energetically permissible within the topological constraints imposed by the 

codon:anticodon mini-helix structure.  Examination of the UGU Cys codon also reveals 

that it can potentially base pair at all three positions with the ICG anticodon of tRNAArg2, 

which is encoded by 6 genes (Figure 3.2).  Although G36•U1 pairing does not normally 

occur in cognate codon:anticodon interactions, this has been posited to occur at the P-site 

in Ty1 promoted programmed +1 ribosomal frameshifting (Belcourt and Farabaugh, 

1990).  The lower abundance of this tRNA in combination with the less stable G36•U1 

base pair at the first position of this pair may account for the lower frequency of 

misreading of this codon as compared to AGC Ser.  tRNA modifications that facilitate 

wobble position interactions are present in both bacterial and eukaryotic systems, 

supporting the hypothesis that the formation of a mini-helix may be central for the 

ribosome to distinguish between near- and non-cognate interactions across the kingdoms.  

Kramer and Farabaugh  also noted that misreading was enhanced in the presence of 

paromomycin for codons where there was potential for U•U base-pairing.  However, the 

frequency of misreading varies between eukaryotes and bacteria indicating that other 

trans-acting factors or ribosomal components are involved.  We extended our analysis to 

examine the effects of some of these factors. 
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Influence of eEF1A and associated elongation factors in translational fidelity 

 Because eEF1A delivers aa-tRNA to the ribosome and cognate codon:anticodon 

interactions stimulate its GTPase activity, mutants of this factor could alter translational 

fidelity in two ways.  First, altered affinity for the ribosome could affect the initial 

binding step.  Second, changes in intrinsic GTPase activity could affect aa-tRNA 

stimulation threshold.  Because initial binding is independent of codon:anticodon 

interactions, mutants affecting the first step would be expected to alter fidelity in 

response to both near- and non-cognate codons.  Since such an outcome was not observed 

for any of the eEF1A mutants, it is unlikely that any of the mutants affected initial 

binding rates.  In contrast, since codon:anticodon interactions between near-cognate aa-

tRNAs might be more likely to induce tRNA structural changes than those between non-

cogante aa-tRNAs, eEF1A mutants with increased intrinsic GTPase activity or with 

decreased activation thresholds would more likely be stimulated by near-cognate as 

opposed to non-cognate aa-tRNAs.  Similarly, those having decreased intrinsic GTPase 

activity or increased activation thresholds would be more discriminatory when presented 

with near-cognate aa-tRNAs.   

 Examination of the mutants within the context of the structure of the eEF1A•aa-

tRNA•GTP modeled as the ternary complex provides some clues with regard to which 

mechanism may be altered in these mutants (Figure 3.5A).  The charge reversal mutants 

in domain 2 proposed to be involved in binding the tRNA acceptor stem (E286K, E295K 

and E317K) all promoted enhanced misreading of the near-cognate AGC codon.  It is 

tempting to speculate that these mutants may promote increased aa-tRNA dissociation 

rates by mimicking the structural change induced by correct tRNA:mRNA interactions 
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and subsequently stimulating the GTPase activity of eEF1A.  In contrast, the T142I 

mutant in domain 1 that interacts with the phosphate backbone of residue 61 at the base 

of the D-loop was more discriminatory, suggesting that this interaction is important for 

stimulation of GTP hydrolysis.  Mutants in the vicinity of the GTP binding pocket had 

allele-specific effects on incorporation of the near-cognate tRNA.  Charge reversal or 

neutralization of E122K or D156N strongly stimulated misreading.  Perhaps the presence 

of additional positive charge in this region enhances GTP binding and/or GTPase 

activity.  In contrast, loss of a positive charge in the N153T mutant slightly inhibited 

misreading. Curiously, this effect was enhanced in the N153T/D156N double mutation.  

Last, mutations of E40 and D130 which are not closely linked to either tRNA or GTP 

binding did not affect missense suppression even though they were initially isolated as +1 

insertion suppressor mutants.  It is also striking that genetic screens have never identified 

fidelity mutations in domain 3, which is also proposed to interact with aa-tRNA.  This 

suggests that these interactions are either non-essential or irrelevant to presentation at the 

A-site. 

The K120R S121Δ I122Δ (KSI) mutant of eEF1B (tef5-7) promoted increased 

accuracy in decoding both the ACG near- and UCU non-cognate codons. As noted above, 

mutants affecting fidelity in response to both near- and non-cognate codons are likely to 

be due to altered affinity at the initial binding step. Previous genetic analyses showed that 

this mutant also promoted increased fidelity at nonsense codons, slower rates of growth 

and protein synthesis, and hypersensitivity to translational inhibitors (Carr-Schmid et al., 

1999). Figure 3.5B shows the X-ray crystal structure of eEF1A in complex with the 

catalytic terminus of eEF1B. eEF1B binds to domain I and II of eEF1A, where KSI 
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amino acids are located close to the nucleotide-binding pocket in domain 1 of eEF1A.  

The binding site of eEF1B to domain II overlaps the proposed aa-tRNA binding site.  

This is significantly different from the bacterial homolog, and may be another way in 

which eukaryotes and bacteria differ in maintaining fidelity and promoting aa-tRNA 

delivery. We propose that these residues may facilitate exchange of GDP for GTP by 

eEF1A.  Slowing this process would serve to limit the availability of functional ternary 

complexes, thus affecting binding of both near- and non-cognate codons.  The effects of 

loss of eEF1B shows a general trend of enhanced accuracy of non-cognate codons like 

an eEF1B mutant.  However, the increased misreading of a near-cognate codon is more 

like an eEF1A mutant.  Thus, although the precise function of eEF1B has yet to be 

determined, it is reasonable to hypothesize that it may modulate eEF1B to affect 

fidelity.  
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Ribosomal protein L5: Coordination of tRNA exit from the E-site with aa-tRNA entrance at the A-

site 

 The observation that the rpL5-K27E mutant generally promoted increased 

accuracy was initially surprising since this protein is located on the back of the central 

protuberance of the large subunit, far away from the ternary complex binding site, the 

ribosomal A-site, and the decoding center.  In addition, a previous study implicated rpL5 

in binding of peptidyl-tRNA, but not of aa-tRNAs (Meskauskas and Dinman, 2001).  

Nonetheless, the rpL5-K27E mutant generally promoted increased fidelity in response to 

almost all of the near- and non-cognate codons tested.  An intriguing explanation for the 

allele-specific effects observed here may come from the observation that rpL5-L5 

interacts with the fungal-specific elongation factor eEF3 (Andersen et al., 2006).  eEF3 is 

an ATPase that interacts with eEF1A and catalyzes release of deacylated-tRNA from the 

ribosomal E-site (Triana-Alonso et al., 1995; Anand et al., 2002). It has been proposed 

that eEF3 and eEF1A work synergistically to remove deacylated tRNAs from the E-site 

and promote delivery of cognate aa-tRNA to the A-site.  It is tempting to speculate that 

altered eEF3 binding to the K27E form of rpL5 upsets this synergy.  Similar to the model 

proposed for the eEF1B KSI mutant, the rpL5-K27E mutant might promote enhanced 

accuracy at the codon recognition step.  

It should also be noted that a previous study also used a dual luciferase reporter 

system to examine missense suppression in yeast (Salas-Marco and Bedwell, 2005).  The 

analyses applied in the current study cannot be directly applied to the data generated by 

Salas-Marco and Bedwell since that work employed eight different codons at two 
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positions of firefly luciferase.  Since most were non- synonymous, the effects of different 

amino acid substitutions and their specific locations on the activity of the enzyme cannot 

be controlled for.  Since different strain backgrounds are used in the studies and even in 

different sets of mutants analyzed in this work, variations in wild-type values observed 

requires the use of specific statistical methodology for accurate comparisons between 

datasets (Jacobs and Dinman, 2004).  Further, relative tRNA abundance issues 

complicated the two instances where synonymous codons were used.  Despite these 

differences, independent analyses, reporter constructs and strain backgrounds showed 

similar levels of misreading. Furthermore, specific effects on misreading were observed 

for mutants of ribosomal components and key factors involved in elongation and 

termination. These data support the universal application of this approach to studies of 

translational fidelity. 

 

Kinetics: the difference between near- and non-cognate interactions may occur at the GTPase 

activation step 

As described above, studies in the bacterial system shows accuracy during 

translation elongation is likely a two step process involving two distinct biophysical 

mechanisms: initial selection and proofreading (reviewed in Ogle and Ramakrishnan, 

2005; Rodnina et al., 2005). The first step, initial binding, is mostly determined by the 

interaction between the ribosome and EF-Tu, and forward and reverse rates (k1 and k-1) 

are not affected by aa-tRNA identity (Daviter et al., 2006).  However, during the next 

step of codon recognition, the stabilizing effects due to interactions of G530, A1492 and 

A1493 with the mini-helix results in dissociation rates (k-2) of near-cognate aa-tRNAs 

being approximately 400-fold than those of cognate aa-tRNAs (Gromadski et al., 2006).  
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Computational modeling suggests the existence of two major energy minima at the 

decoding center corresponding to the flipped-in and flipped-out conformations of A1492, 

and A1493, and that fast flipping between the two states provides a kinetic means to 

discriminate at the level of codon:anticodon interactions (Sanbonmatsu, 2006).  

Formation of the stable mini-helix results in the physical transduction of information to 

the ternary complex, thus activating the endogenous GTPase of EF-Tu (k3).  This step 

acts as a kinetic trap to select for aa-tRNAs capable of forming the mini-helix. We 

propose that it is here that the difference between near- and non-cognate tRNA:mRNA 

interactions also occurs in eukaryotes.  The potential of near-cognate interactions to form 

mini-helices, albeit at lower frequencies, provides the opportunity for stimulation of 

GTPase activation.  The data also suggest that the presence of a canonical Watson-Crick 

base pair between N35•N’2 may aid in nucleating mini-helix formation, consistent with 

molecular dynamics modeling showing that stability testing by the kink in the mRNA 

between the P- and A-site codons destabilizes position 2 mismatches more severely than 

mismatches at the first position (Sanbonmatsu and Joseph, 2003). In contrast, non-

cognate interactions cannot possibly form mini-helices, and thus are incapable of forming 

the kinetic trap and activating GTP hydrolysis.  In a kinetic analysis comparing different 

codon:anticodon mismatches, one tRNA capable of participating in a non-cognate 

interaction was employed and stimulated GTPase activation approximately 6.7 fold less 

than the near-cognate codons (Gromadski et al., 2006).  This is consistent with the ~ 4.5 

fold increased rates of misreading promoted by near-cognate codons in the current study.      
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Using Paromomycin to functionally distinguish between ‘near-‘ and ‘non-cognate’ 

codon:anticodon interactions 

  Binding of cognate aa-tRNA stimulates rearrangement of G530, A1492, and 

A1493 to establish A-minor interactions between themselves and the minor groove of the 

codon-anticodon helix (Ogle et al., 2002; Ogle et al., 2001).  Binding of paromomycin to 

the decoding center stimulates similar displacement of A1492 and A1493, positioning 

them to stabilize codon:anticodon interactions in a promiscuous manner (Carter et al., 

2000), perhaps trapping them in the flipped-out state (Sanbonmatsu, 2006).  In light of 

the data presented here, we suggest that mini-helix formation is a precondition for 

paromomycin-stimulated misreading. Furthermore, paromomycin-enhanced and the 

potential for mini-helix formation are coordinately  maximized in the decoding center.  

Thus, paromomycin has the potential to be used as a tool to functionally distinguish 

between ‘near-‘ and ‘non-cognate’ codons.  However, this requires expansion of the 

system to utilize other codons for which the encoded amino acids do not result in a 

partially active luciferase protein.  Kramer and Farabaugh observed changes in 

misreading with two different aminoglycosides, paromomycin and streptomycin (Kramer 

and Farabaugh, 2007).  Although more information about aminoglycoside-ribosome 

interactions has recently become available (reviewed in Hobbie et al., 2006) more 

experimental work needs to be performed to determine if any aminoglycosides other than 

paromomycin may be better sensors of cognate status. 
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Chapter 4: Conclusions and future directions 

 

Introduction 

The ribosome is a complex nanomachine with many parts functioning together to 

perform a vital function in the cell.  Understanding how the ribosome works necessitates 

learning how individual ingrained components of the ribosome as well as many transient 

associated factors contribute to translation.  Exploration of various aspects of 

translational fidelity provides a series of lenses with which to examine the ribosome and 

changes in its functions as mutational changes are made in its components.  At the same 

time, highly resolved crystal structures and increasingly informative cryo-Electron 

microscopy (cryo-EM) images are allowing improved analysis of ribosome structure and 

how changes in structure might connect to experimentally observed changes in 

translational fidelity.   

 

The extension and tip of ribosomal protein L2 

 Ribosomal protein L2 is an integral protein in the ribosome due to both myriad 

25s rRNA contacts and as a requirement for peptidyl transfer.  Further mutational 

analysis of L2 will provide more information on its specific contributions to the ribosome 

structurally and functionally.  This study has revealed a few specific mutations of L2 that 

warrant further study, and has also indicated specific regions of the protein important for 

its role in the ribosome.   
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    The tip of L2 that extends furthest into the functional center of the ribosome is 

the most obvious candidate for further study.  Until the yeast ribosome is crystallized, it 

is difficult to be certain of which residues are responsible for this contact with helix 93 of 

25s rRNA.  However, the high conservation of this region of L2 between yeast and other 

organisms for which crystals have been developed (H. marismortui in particular), 

provides reasonable confidence that appropriate residues are targeted.  Mutations N214S, 

H215Y, and I218N are located in this tip of L2 and were assayed for their impact on 

general growth characteristics as well as various aspects of translation and fidelity 

(Figure 4.1).  These mutations had a variety of impacts on the ribosome including 

Sparsomycin and Anisomycin resistance (H215Y), unchecked growth (N214S), and 

changes in misincorporation and nonsense suppression (I218N).  These phenotypes 

highlight the importance of this region in maintaining the structure and function of the 

peptidyl transferase center, the catalytic core of the ribosome.  Further work on these 

mutations will include measurement of A-site and P-site tRNA binding, and measurement 

of peptidyl transfer rates.  Further work on this region should include saturating specific 

residues with all possible mutations, exploring which amino acid properties are 

responsible for maintaining optimal ribosome function.  As structural data for eukaryotic 

ribosomes becomes more precise, it will be easier to confidently select residues 

impacting the structure of the peptidyl transferase center for mutation.  Until then, a 

random saturation mutagenesis of just the tip region of L2 should produce sufficient 

viable mutations across the spectrum of amino acid conservation to understand the impact 

of this region on the ribosome. 
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Other mutations in ribosomal protein L2 

 Several mutations yielded interesting results and demand further study though 

their reason for impact is more difficult to assess than those mutations in the very tip of 

L2.  Alterations in the globular domain and the bridge region of ribosomal protein L2 

provided multiple interesting results, including some severe phenotypes.  For various 
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reasons, saturating mutagenesis of these regions may not be appropriate, but several 

individual mutations already created do warrant further study. 

 Two mutations from the highly structured globular domain of the protein 

generated both anisomycin resistance and aberrant polysome profiles.  These mutations, 

V48D and L125Q, appear to cause a 60S biogenesis defect that manifests as a growth 

limitation as seen in dilution spots and growth curves and extreme half-mer defects in 

polysome profiles.  As an integral protein incorporated into the ribosome early in 

biogenesis, disruption of the globular domain structure might affect ribosome biogenesis.  

A decrease in the ratio of free 60S to 40S subunits is apparent in the polysome profiles 

and supports the idea of the half-mer formation due to poor 60S biogenesis rather than a 

subunit joining defect.  While neither residue is conserved (Figure 4.2), they are located 

near regions well conserved between Haloarcula marismortui and Saccharomyces 

cerevisiae and changes possibly disrupt the structure and biogenesis of the ribosome.  

The anisomycin resistance phenotype for these mutants is more surprising but could be 

attributed to a distal structural change of the PTC site where anisomycin and incoming 

aminoacyl-tRNAs bind.  These strains could also be tested for aminoacyl-tRNA binding 

to provide more information for why they might show anisomycin resistance. 

 Another couple of mutations in the middle ‘bridge’ region of L2 that yielded 

some interesting phenotypes were F185L and W195C.  These mutations are in close 

proximity to each other as F185 is near the end of an independent loop of amino acids 

that extends out from the globular domain (Figure 2.6) that brings it close to the area of 

W195.  Interestingly, both of these mutations caused hyperaccuracy in both near- and 

non-cognate misincorporation studies (Figure 2.13).  This indicates a potential distal 
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connection via 25S rRNA to the A-site side of the PTC and the channel through which 

aa-tRNA passes during accommodation.   

 

 

 

An intersubunit bridge in L2 

The final mutation with an interesting phenotype was G172C.  This residue is just 

outside of the globular domain in a conserved run of glycines.  This mutation was the 

only strain to provide any indication of paromomycin sensitivity but showed no other 
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phenotypes of those tested.  A mutation in a run of glycines can easily impact regional 

structural features by introducing a larger side chain than is normally accommodated.  

While the exact location of the potential intersubunit bridge in L2 is unknown, the 

paromomycin phenotype could indicate a connection between the bridge and this region 

of the protein as paromomycin binds at the A-site decoding center on the small subunit of 

the ribosome.  Understanding the location of an intersubunit bridge in yeast ribosomal 

protein L2 could have exciting potential for study and mutagenesis.  If precisely 

identified in S. cerevisiae, this intersubunit connection could prove to impact 

translocation as tethering of the E. coli version of the intersubunit bridge was recently 

used to prove that intersubunit movement was necessary for translocation (Horan and 

Noller, 2007). 

 
 

Significance of near- and non-cognate tRNA  differentiation 

 Understanding the structural basis of how the ribosome distinguishes between 

cognate, near-cognate, and non-cognate tRNAs is important for development of 

therapeutic strategies for many human diseases.  In a disease such as sickle cell anemia, 

which is caused by a missense mutation in the β-globin gene, the ribosome might be 

stimulated to misincorporate the ‘incorrect’ tRNA at the site of the missense mutation.  A 

small percentage increase in proper β-globin production due to misincorporation at the 

missense mutation site might prove therapeutic to patients.  Distinguishing differences 

between near- and non-cognate tRNAs would allow specific therapeutics that only affect 

one type of misincorporation at a time depending on what is necessary. 
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Misincorporation of tRNA and ribosome structure 

 Studying the structural implications of tRNA binding to the a-site has elucidated 

differences between near- and non-cognate tRNA interactions.  Particularly, the potential 

for near-cognate tRNAs to form mini-helical structures with the A-site codon at the 

decoding center (Figure 3.2), provides a structural and functional difference between 

near- and non-cognate tRNA.  Differences between near- and non-cognate tRNAs were 

observed in misincorporation studies using the aminoglycoside paromomycin, and in 

deletions of an accessory elongation factor eEF1Bγ. 

   Many opportunities to study misincorporation and the structure and function of 

the ribosome are available as more and more networks of distal information transduction 

are uncovered.  Such a distal interaction was demonstrated in the study of ribosomal 

protein L5.  The protein connects from a far distance to the GTPase associated center 

through 5S rRNA, and still managed to have a significant impact as mutation K27E 

generated hyperaccuracy in both near- and non-cognate misincorporation studies.  

Understanding the complex networks of communication between integral ribosome 

elements as well as accessory translation factors is a large challenge.  However, the 

mutational studies of ribosomal proteins L2 and L5 and elongation factors eEF1A, 

eEF1Bα, and eEF1Bγ already successfully demonstrate both direct and indirect effects on 

tRNA misincorporation.  Further study of these and other elements combined with 

improving visualization of  the eukaryotic ribosome will continue to provide more 

explanation for the mechanism tRNA recognition by the ribosome, and how it relates to 

the complex structure of the ribosome.
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Appendix A: L2 mutation strains generated 
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Appendix B: Primers used in L2 study 
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