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Abstract 
Elongator is a conserved six subunit protein (Elp1p-Elp6p) complex that is 
required for the formation of ncm5 and mcm5 side chains at wobble uridines 
in transfer RNAs (tRNAs). Moreover, loss-of-function mutations in any gene 
encoding an Elongator subunit results in translational defects and a 
multitude of phenotypic effects. This thesis is based on investigations of 
effects of wobble uridine modifications on translation. 

In Saccharomyces cerevisiae, ncm5U34-, mcm5U34- and mcm5s2U34-
modified wobble nucleosides in tRNAs are important for proper codon-
anticodon interactions. My colleagues and I (hereafter we) showed that 
mcm5 and s2 groups at wobble uridine in tRNAs are vital for maintaining the 
reading frame during translation, as absence of these modifications increases 
the frequency of +1 frameshifting. We also showed that +1 frameshifting 
events at lysine AAA codons in Elongator mutants are due to slow entry of 
the hypomodified tRNAs2UUU

Lys  to the ribosomal A-site. 

Ixr1p is a protein that plays a key role in increasing production of 
deoxynucleotides (dNTPs) in responses to DNA damage, via induction of 
Ribonucleotide reductase 1 (Rnr1p), in S. cerevisiae. We showed that 
expression of Ixr1p is reduced in elp3Δ mutants due to a post-transcriptional 
defect, which results in lower levels of Rnr1p in responses to DNA damage. 
Collectively, these results suggest that high sensitivity of Elongator mutants 
to DNA damaging agents might be partially due to reductions in Ixr1p 
expression and hence Rnr1p levels. 

Elongator mutant phenotypes are linked to several cellular 
processes. To probe the mechanisms involved we investigated the metabolic 
perturbations associated with absence of a functional ELP3 gene in S. 
cerevisiae. We found that its absence results in widespread metabolic 
perturbations under both optimal (30°C) and semi-permissive (34°C) 
growth conditions. We also found that changes in levels of certain 
metabolites (but not others) were ameliorated by elevated levels of 
hypomodified tRNAs, suggesting that amelioration of perturbations of these 
metabolites might be sufficient for suppression of the Elongator mutant 
phenotypes. 

A mutation in the IKBKAP (hELP1) gene results in lower levels of the 
full-length hELP1 protein, which causes a neurodegenerative disease in 
humans called familial dysautonomia (FD). We showed that the levels of 
mcm5s2U-modified wobble nucleoside in tRNAs are lower in both brain 
tissues and fibroblast cell lines derived from FD patients than in 
corresponding materials derived from healthy individuals. This suggests that 
FD may result from inefficient translation due to partial loss of mcm5s2U-
modified nucleosides in tRNAs. 
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Introduction 

1. The Translation Process and Translational Control 

Gene expression is a fundamental process that converts the genetic 
information contained in genes into functional RNA or protein products. 
This process occurs in several steps: transcription, RNA splicing, post-
transcriptional RNA modifications, translation and post-translational 
protein modifications. In the translation step, genetic information contained 
in mRNA sequences is converted into amino acid chains, which eventually 
form proteins. In eukaryotes, translation proceeds through four major 
phases: initiation, elongation, termination and ribosome recycling (Figure 
1) (Rodnina and Wintermeyer, 2009). 

 

 

Figure 1. Factors involved in the initiation, elongation and termination 
phases of translation in eukaryotes. 

 

1.1. Translation Initiation 

The first step of translation initiation is formation of a ternary complex 
containing eukaryotic initiation factor 2 (eIF2), GTP and initiator 

methionine tRNA (tRNAi
Met) (Figure 1) (Rodnina and Wintermeyer, 

2009). This ternary complex subsequently binds to a 40S ribosomal subunit 
with the help of other eukaryotic initiation factors (eIF1, eIF1A, eIF3 and 
eIF5) to form a 43S pre-initiation complex (Hinnebusch, 2011; Jackson 
et al., 2010; Sonenberg and Hinnebusch, 2009). The eIF4F complex 
(formed by eIF4E, eIF4A and eIF4G) is a cap-binding protein complex, 
which is responsible for recruiting initiation factors to the 5’ end of mRNA 
and unwinding secondary structures of the mRNA by its ATP-dependent 
helicase activity. With assistance of an eIF4F complex, the 43S pre-initiation 
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complex is recruited to the 5’ end of the m7G-capped mRNA and starts 
scanning downstream of the mRNA to find a complementary codon to 

tRNAi
Met. Recognition of the first AUG start codon by the tRNAi

Met in the 43S 
pre-initiation complex results in formation of a stable 48S initiation complex 
(Sonenberg and Hinnebusch, 2009). However, several kinds of errors 
may occur, such as “leaky scanning”, resulting in skipping of the first AUG 
start codon and initiation of translation at a second AUG codon or a non-
AUG codon (Slusher et al., 1991; Werner et al., 1987; Wolfe et al., 
1994). Upon formation of a 48S initiation complex, eIF5 promotes 

hydrolysis of eIF2-bound GTP, thereby releasing the tRNAi
Met into the P-site 

of the ribosome (Das and Maitra, 2001). This event is followed by 
dissociation of the eukaryotic initiation factors from the 48S initiation 
complex and eIF5B-assisted recruitment of a 60S ribosomal subunit 
(Pestova et al., 2000). Formation of an 80S initiation complex concludes 
translation initiation, and the ribosome enters the elongation stage of 
translation. 

Numerous factors may affect translation initiation, including 
functional inhibition of the eIF4F cap-binding protein complex (Jackson et 
al., 2010; Raught and Gingras, 2007). For instance, during nutrient 
starvation eIF4E-binding protein (4E-BP) becomes hypo-phosphorylated 
and tightly binds to eIF4E. This interaction blocks the binding site of the 
eIF4G on eIF4E, thereby inhibiting formation of the eIF4F complex and 
hence recruitment of the 43S pre-initiation complex to mRNA. Secondary 
structures in 5’ UTRs of mRNAs also inhibit translation initiation, and must 
be unwound by the eIF4F complex for efficient scanning of the mRNA to 
locate the start codon (Jackson et al., 2010; Raught and Gingras, 
2007). Moreover, it has been shown that additional helicases such as Ded1p 
(in yeast) are needed along with the eIF4F complex to improve scanning 
through secondary structures (Berthelot et al., 2004; Chuang et al., 
1997; Sen et al., 2015). Furthermore, eIF4G can interact with the poly(A)-
binding proteins (PABPs) located at the 3’ end of mRNAs, resulting in 
formation of a closed loop, which facilitates initiation of the translation of 
polyadenylated mRNAs (Costello et al., 2015; Hinton et al., 2007; 
Kahvejian et al., 2005). 

Another important mechanism involved in translation initiation 
control is phosphorylation of initiation factors such as the α-subunit of eIF2 
(Dever et al., 2007). Phosphorylation of eIF2α at Serine 51 inhibits eIF2B-
mediated recycling of eIF2 to the GTP-bound form required for formation of 
the ternary pre-translation initiation complex, thereby inhibiting the process 
(Rowlands et al., 1988). This phosphorylation event can be activated by 
various factors (Ron and Harding, 2007). For instance, under amino acid 
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starvation, eIF2α is phosphorylated by the activated Gcn2 protein (Harding 
et al., 2000; Wek et al., 1995). In yeast, eIF2α phosphorylation inhibits 
translation initiation globally, but also activates transcription of more than 
30 amino acid biosynthetic genes by increasing translation of GCN4 mRNA 
(Rolfes and Hinnebusch, 1993), which contains four upstream open 
reading frames (uORFs) located upstream of the main GCN4 ORF 
(Hinnebusch, 1997; Hinnebusch and Natarajan, 2002). After 
translation of the first uORF (uORF1), the 60S ribosomal subunit dissociates 
and the 40S ribosomal subunit resumes scanning and initiates translation at 
downstream uORFs (uORF2, uORF3, or uORF4) by reacquiring an active 
ternary complex. Translation of downstream uORFs results in ribosome 
dissociation, leaving the main GCN4 ORF untranslated (Hinnebusch, 
1997; Hinnebusch and Natarajan, 2002). Under amino acid starvation 
there are limited amounts of the active ternary complex due to eIF2α 
phosphorylation. Therefore, some of the 40S ribosomal subunits bypass 
translation of the downstream uORFs (uORF2-uORF4) due to low 
abundance of the active ternary complex and initiate translation from the 
first AUG start codon of GCN4 ORF (Hinnebusch, 1997; Hinnebusch 
and Natarajan, 2002). 

 

1.2. Translation Elongation 

In the translation elongation phase polypeptide chains are formed by cycles 
of aminoacylated-tRNA (aa-tRNA) delivery to the mRNA and peptide bond 
formation (Figure 1) (Rodnina and Wintermeyer, 2009). It begins 
with recruitment of a ternary complex consisting of aa-tRNA, GTP and 
eukaryotic elongation factor 1A (eEF1A) to the A-site of an 80S ribosome. A 
proper interaction between the anticodon of the aa-tRNA in the ternary 
complex and the codon of the mRNA at the ribosomal A-site triggers 
conformational changes in the 40S ribosomal subunit. This results in GTP-
hydrolysis of the ternary complex by eEF1A, allowing the aa-tRNA to enter 
the ribosomal A-site. The inactive eEF1A-GDP is then recycled to eEF1A-GTP 
by eEF1B, enabling formation of a new ternary complex with another aa-
tRNA. The large (60S) ribosomal subunit contains a highly conserved 
peptidyl transferase center (PTC) which is responsible for peptide bond 
formation during translation elongation and hydrolysis of the peptidyl-tRNA 
during translation termination. Once an aa-tRNA is in the A-site, the PTC 
catalyses formation of a peptide bond between the amino acid of the aa-
tRNA in the A-site and the C terminus of the polypeptide chain attached to 
the tRNA in the P-site. Establishment of the peptide bond involves the 
acceptor stem of the P-site tRNA shifting to the E-site, resulting in formation 
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of an ‘A/P hybrid state’, while the anticodon stems of the tRNAs remain in 
their original positions. GTP hydrolysis catalysed by eukaryotic elongation 
factor 2 (eEF2) allows the ribosome to move three nucleotides along the 
mRNA. Consequently, the deacylated-tRNA in the P-site and the peptidyl-
tRNA in the A-site translocates into the E- and P-sites of the ribosome. After 
this translocation process, the deacylated-tRNA leaves the ribosome from 
the E-site and the ribosomal A-site becomes available for recruitment of the 
next ternary complex. This elongation process is repeated until a stop codon 
is located in the ribosomal A-site. 

In yeast, a third eukaryotic elongation factor (eEF3) is also required 
for translation elongation (Kapp and Lorsch, 2004; Taylor et al., 
2007). This is a ribosome-dependent ATPase that binds to the ribosome 
close to the E-site (Andersen et al., 2006). It putatively assists in release 
of the deacylated tRNA from the ribosomal E-site and hence stimulates 
binding of the ternary complex to the A-site (Andersen et al., 2006; 
Kurata et al., 2013; Triana-Alonso et al., 1995). 

Eukaryotic elongation factors undergo posttranscriptional 
modifications that influence the translation elongation process. For instance, 
phosphorylations of both eEF1A and eEF1B by a number of protein kinases 
putatively increase translation rates by altering their catalytic properties 
(Chang and Traugh, 1998; Eckhardt et al., 2007; Fan et al., 2010; 
Janssen et al., 1991; Lamberti et al., 2007; Mulner-Lorillon et al., 
1994; Peters et al., 1995; Sivan et al., 2011; Venema et al., 1991). In 
mammals, eEF2 can be phosphorylated at threonine 56 by an eEF2 kinase 
(eEF2K) (Nairn and Palfrey, 1987; Ryazanov et al., 1988a; 
Ryazanov et al., 1988b). This phosphorylation event is regulated by 
activation of the eEF2K, mediated via either autophosphorylation triggered 
by a Ca2+-calmodulin interaction or multiple phosphorylation events 
catalysed by cAMP-dependent protein kinase (PKA) (Diggle et al., 1998; 
Nairn and Palfrey, 1987; Redpath and Proud, 1993; Ryazanov et 
al., 1988a; Ryazanov et al., 1988b). The phosphorylation of eEF2 
interferes with its binding to ribosomes and consequently inhibits 
translocation of ribosomes during translation elongation (Hizli et al., 
2013; Ovchinnikov et al., 1990; Price et al., 1991). eEF2 is also 
modified with diphthamide at a histidine residue conserved between archaea 
and eukaryotes, a modification that makes eEF2 a substrate for ADP 
ribosylation catalysed by diphtheria toxin produced by Corynebacterium 
diphtheria (Dunlop and Bodley, 1983). ADP ribosylation inhibits the 
activity of eEF2 and thus prevents translation (Oppenheimer and 
Bodley, 1981). Furthermore, absence of the diphthamide modification 
results in increased rates of frameshifting in yeast cells and severe 
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developmental defects in mice (Bar et al., 2008; Liu et al., 2012; Ortiz 
et al., 2006; Uthman et al., 2013). 

 

1.3. Translation Termination and Ribosome Recycling 

The translation termination phase starts with entry of a stop codon (UAA, 
UGA, or UAG) into the ribosomal A-site and ends with release of the 
polypeptide chain and ribosome recycling (Figure 1) (Dever and Green, 
2012; Jackson et al., 2012). In eukaryotes, this process is assisted by two 
eukaryotic release factors: eRF1 (a release factor that recognizes all three 
stop codons) and eRF3 (a class II release factor that assists translation 
termination via GTP hydrolysis). These release factors form an 
eRF1/eRF3/GTP complex that binds to the ribosomal A-site once a stop 
codon is present. Upon GTP hydrolysis by eRF3, eRF1 promotes hydrolysis 
of peptidyl-tRNA and consequently release of the polypeptide chain. 

The translation termination process is followed by either recycling of 
ribosomal subunits or reinitiation of translation. Ribosome recycling starts 
with ATP hydrolysis catalysed by ABCE1 protein in humans (Rli1p in yeast), 
which promotes ribosome splitting and thus dissociation of the ribosomal 
subunits, release factors and deacylated-tRNA (Barthelme et al., 2011; 
Pisarev et al., 2010). In addition, it has been suggested that translation 
initiation factors (eIF1, eIF1A, eIF2D and eIF3) assist detachment of the 40S 
ribosomal subunit from mRNA and the deacylated-tRNA during ribosome 
recycling (Dmitriev et al., 2010; Pisarev et al., 2007; Skabkin et al., 
2010). After release of a polypeptide chain, the ribosome might reinitiate 
translation allowing the 40S ribosomal subunit to either resume scanning for 
another ORF located on the same mRNA or re-translate the same ORF with 
the aid of closed loop formation (Hinnebusch and Lorsch, 2012; 
Kozak, 1984).  

 

1.4. Translation Errors and Frameshifting 

Translation is a highly energy-consuming process and mRNAs must be 
decoded with high efficiency and fidelity. During translation process, errors 
may occur at low frequencies (Kurland, 1992). In most cases, the errors 
will not interfere with the function or stability of the resulting proteins. For 
instance, a single amino acid change due to a missense error will not affect a 
protein, unless it significantly changes the protein’s conformation or occurs 
in a position that is important for the protein’s function or stability. 
However, some translation errors, such as frameshifting errors, are more 
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detrimental as they change the reading frame and consequently the entire 
amino acid sequence of the protein downstream of the frameshifting site 
(Kurland, 1992; Parker, 1989). 

 

 

 

 

Figure 2. Dual-error frameshifting model. Modification-deficient tRNAs 
can induce frameshifting by an A- or P- site effect, or combination thereof, as 
illustrated in A-C, respectively. (A) Lack of tRNA modification reduces the 
efficiency of the A-site’s acceptance of the ternary complex, allowing the 
site’s acceptance of a ternary complex with a near-cognate aminoacyl-tRNA. 
After translocation to the P-site, the near-cognate peptidyl-tRNA slips into 
either the -1 or +1 frame, as its fit is not optimal. (B) Lack of tRNA 
modification reduces the efficiency of the A-site’s acceptance of the ternary 
complex, resulting in a ribosomal pause that allows the peptidyl-tRNA in the 
P-site to slip into an alternative (-1 or +1) frame. (C) The modification-
deficient tRNA is accepted in the A-site and translocated to the P-site where 
it slips into either the -1 or +1 frame due to a reduced ribosomal grip. 
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Frameshift errors occur around 10-fold less frequently than 
missense errors (Kurland, 1992; Parker, 1989). However, alterations in 
the tRNA structure such as lack of a modified nucleoside may affect reading 
frame maintenance by increasing the frequency of frameshifting (Atkins 
and Björk, 2009; Björk and Hagervall, 2014). For instance, the 
modified wobble nucleoside 5-methylaminomethyl-2-thiouridine 
(mnm5s2U34) present in a subset of bacterial tRNA isoacceptors is important 
for proper reading frame maintenance, as its deficiency increases 
frameshifting frequencies (Brierley et al., 1997; Licznar et al., 2003; 
Maynard et al., 2012; Urbonavicius et al., 2001; Urbonavicius et 
al., 2003).  Similarly, in yeast lack of either cyclic N6-
threonylcarbamoyladenosine (ct6A) at position 37 or pseudouridine (Ψ) at 
positions 38 and 39 in tRNA increases the frequency of +1 frameshifting (El 
Yacoubi et al., 2011; Lecointe et al., 2002; Lin et al., 2010; 
Miyauchi et al., 2013). Hence, the modification status of tRNA 
isoacceptors plays an important role in maintenance of the proper reading 
frame and prevention of frameshifting errors in both bacteria and yeast. 
Induction of frameshifting errors by tRNA modification deficiency is 
explained with a well-established peptidyl-tRNA slippage model (Atkins 
and Björk, 2009; Björk and Hagervall, 2014; Björk et al., 1999; 
Farabaugh, 1996a, b; Farabaugh and Björk, 1999; Gallant et al., 
2000; Jäger et al., 2013; Näsvall et al., 2009; Urbonavicius et al., 
2001).  

According to this model, modification-deficient aminoacyl-tRNA 
present in an aa-tRNA·eEF1A·GTP ternary complex induces frameshifting by 
an A-site effect, P-site effect, or a combination thereof (Figure 2). In one 
type of A-site effect of modification deficiency, lack of tRNA modification 
causes a defect in the cognate aminoacyl-tRNA selection step, allowing 
acceptance of a ternary complex with a near-cognate wild type aminoacyl-
tRNA in the A-site. After translocation to the P-site, the near-cognate 
peptidyl-tRNA might slip into either the -1 or +1 frame if the fit of tRNA is 
not optimal (Figure 2A). In another type of A-site effect, the efficiency of 
acceptance of the ternary complex with a modification-deficient cognate 
aminoacyl-tRNA in the ribosomal A-site is reduced by a lack of modification, 
resulting in a ribosomal pause that may cause the peptidyl-tRNA to slip one 
nucleoside forward or backwards (Figure 2B). In a P-site effect, a 
modification-deficient tRNA is accepted in a ribosomal A-site and 
translocated to the P-site, where its fit is not optimal, thus the peptidyl-tRNA 
slips into an alternative (-1 or +1) reading frame due to a reduced ribosomal 
grip (Figure 2C). 
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2. Transfer RNA 

Transfer RNAs (tRNAs) are small RNA molecules involved in decoding 
mRNAs into protein by carrying amino acids to the ribosomes. tRNAs are 
often represented 2-dimensionally as cloverleaf structures consisting of four 
base-paired stems (the acceptor-, D-, anticodon- and TΨC-stems), three 
non-base-paired loops (D-, anticodon- and TΨC-loops), a CCA-tail and a 
variable arm that may differ in size among tRNA species (Figure 3A) 
(Phizicky and Hopper, 2010). Interaction between the D- and TΨC-
loops causes tRNA to fold into an L-shaped tertiary structure with the 
anticodon-loop and CCA-tail positioned at two distal ends (Figure 3B) 
(Kim et al., 1974). With the help of aminoacyl tRNA synthetases, amino 
acids bind covalently to the CCA-tail of the tRNAs (Ibba and Soll, 2000). 
The tRNAs are generally 75 to 90 nucleotides long and generated by 
transcription of tRNA genes by RNA polymerase III (Pol III). Once the 
precursor tRNAs are transcribed, they undergo a series of post-
transcriptional processing steps before they participate in translation 
(Phizicky and Hopper, 2010). 

 

 

 

 

Figure 3. Schematic representations of the secondary (A) and ternary (B) 
structures of yeast tRNAPhe showing (in both cases) the acceptor-stem (red), 
D-loop and D-stem (orange), anticodon-loop (cyan), anticodon (green), 
variable arm (grey), TΨC-loop and TΨC-stem (blue) and CCA-tail (purple). 
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Figure 3B was generated using the UCSF Chimera package (Pettersen et 
al., 2004) from the crystal structure of yeast phenylalanine tRNA 
(pdb.code: 1EHZ) (Shi and Moore, 2000). 

 

2.1. tRNA Modifications in Saccharomyces cerevisiae 

Transfer RNAs are post-transcriptionally modified at various positions with 
a wide range of modifications depending on the tRNA species and organism 
involved. On average, each tRNA is modified at eight positions and more 
than 100 types of tRNA modifications have been found across the three 
domains of life (Machnicka et al., 2013). Fifty of these tRNA 
modifications have been found in eukaryotic tRNAs and 25 of them can be 
found in Saccharomyces cerevisiae cytosolic tRNAs, at 36 different positions 
(Figure 4A) (Johansson and Byström, 2005; Phizicky and Alfonzo, 
2010; Phizicky and Hopper, 2010). 

Most of the tRNAs are modified at position 34 (wobble position) and 
position 37 in the anticodon-loop, and they often affect the tRNAs’ decoding 
ability by altering codon-anticodon interactions (Agris, 1991; Björk and 
Hagervall, 2014; Johansson et al., 2008; Lim, 1994). Therefore, loss 
of the anticodon-loop modifications often results in severe growth defects, 
and even cell death in yeast probably due to inefficient decoding. For 
instance, Tad2p and Tad3p form a heterodimeric enzyme that is responsible 
for adenine deamination, and hence formation of inosine at wobble position 
(I34) of seven tRNA species in yeast (Gerber and Keller, 1999). Loss-of-
function mutations in the TAD2 or TAD3 genes result in absence of I34 and 
cell death (Gerber and Keller, 1999; Tsutsumi et al., 2007). 
Furthermore, yeast cells that cannot form Cm32, 34-, ncm5U34-, ncm5Um34-, 
mcm5U34-, mcm5s2U34-, m1G37-, t6A37-, i6A37- or Ψ37, 39-modified nucleosides 
are viable but show translation and growth defects (Bjork et al., 2001; 
Dihanich et al., 1987; El Yacoubi et al., 2011; Huang et al., 2005; 
Johansson et al., 2008; Laten et al., 1978; Lecointe et al., 1998; 
Pintard et al., 2002). 

The tRNA modifications present outside of the anticodon-loop 
region have suggested importance for tRNA function and stability (Phizicky 
and Alfonzo, 2010; Phizicky and Hopper, 2010). For example, 

tRNAAAC
Val  (lacking both m7G46 and m5C49 nucleosides due to deletion of TRM8 

and TRM4 genes) is rapidly degraded by the rapid tRNA decay (RTD) 
pathway (Alexandrov et al., 2006; Chernyakov et al., 2008). 

tRNASer  and tRNAUGA
Ser  (lacking Um44 and ac4C12 modified nucleosides) in the 

tan1Δ trm44Δ double mutant are also degraded by the RTD pathway 
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(Chernyakov et al., 2008; Kotelawala et al., 2008), which targets 
tRNAs according to their structural stability rather than the presence or 
absence of certain tRNA modifications (Guy et al., 2014). 

 

 

 

Figure 4. Modifications found in yeast tRNAs. (A) Modified tRNA residues: 
nucleotides that are modified in some or all tRNA species (orange circles), 
nucleotides in the anticodon that are modified in some tRNA species (red 
and green circles), indicated modified nucleosides may be present at the 
wobble position (red circle). Adapted from (Johansson and Byström, 
2005; Phizicky and Hopper, 2010). (B) Chemical structures of 
unmodified and modified uridines found at the wobble position in yeast 
tRNA species. The wobble uridine nucleotide can be modified to 5-
carbamoylmethyluridine (ncm5U), 5-carbamoylmethyl-2’-O-methyluridine 
(ncm5Um), 5-methoxycarbonylmethyl (mcm5U) or 5-
methoxycarbonylmethyl-2-thiouridine (mcm5s2U). The modifications are 
shown in red. Adapted from (Karlsborn et al., 2014b). 

 

There are other tRNA modifications that contribute specific features 

to the tRNAs. For instance, tRNAGUG
His  possesses an extra nucleotide (G-1) at 

the 5’-end, which is added post-transcriptionally by a specific tRNA guanylyl 
transferase (Cooley et al., 1982) and is crucial for the recognition of 
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tRNAGUG
His  by histidyl-tRNA synthetase (HisRS) (Nameki et al., 1995). 

Furthermore, 2’O-ribosyl phosphate modification at position 64 [Ar(p)64] of 

tRNAi
Met restricts the interaction between tRNAi

Met and eEF1α, thereby 

restricting tRNAi
Met to participation in translation initiation (Astrom and 

Bystrom, 1994; Glasser et al., 1991; Shin et al., 2011). Absence of this 

modification in the rit1Δ mutant results in tRNAi
Met functioning in both 

initiation and elongation steps of translation (Astrom and Bystrom, 
1994). 

 

 

 

Figure 5. Proteins involved in formation of the 5-methoxycarbonylmethyl 
(mcm5), 5-carbamoylmethyl (ncm5) and 2-thio (s2) groups on wobble 
uridines in S. cerevisiae. Acetyl-CoA is used as a donor in formation of the 
cm5 side chain, and AdoMet (S-adenosylmethionine) is used by Trm9p and 
Trm112p as a methyl donor in formation of the mcm5 side chain. The last 
step in formation of the ncm5 remains unknown. The ribose ring of the 
uridine is shown as (R) and each side group added to uridine is highlighted 
in red. Adapted from (Karlsborn et al., 2014b). 

 

2.2. Formation of tRNA Wobble Uridine Modifications in S. 
cerevisiae 

In S. cerevisiae, 42 tRNA species are responsible for decoding the 61 sense 
codons, 13 of them have a uridine at the wobble position (Hani and 
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Feldmann, 1998; Percudani et al., 1997), and only one of these 13 

(tRNAUAG
Leu ) has an unmodified uridine (U34) at the wobble position 

(Randerath et al., 1979). Another (tRNAΨAΨ
Ile ) has a pseudouridine (Ψ34) 

(Szweykowska-Kulinska et al., 1994) and the other 11 have one of four 
related modified uridine nucleosides at the wobble position (Glasser et al., 
1992; Johansson et al., 2008; Keith et al., 1990; Kobayashi et al., 
1974; Kuntzel et al., 1975; Lu et al., 2005; Smith et al., 1973; 
Yamamoto et al., 1985). These related modified wobble uridine 
nucleosides are: 5-carbamoylmethyluridine (ncm5U34) present in 

tRNAncm5UAC
Val , tRNAncm5UGA

Ser , tRNAncm5UGC
Ala , tRNAncm5UGG

Pro  and tRNAncm5UGU
Thr  

(Johansson et al., 2008; Keith et al., 1990; Yamamoto et al., 
1985); 5-carbamoylmethyl-2’-O-methyluridine (ncm5Um34) present in 

tRNAncm5UmAA
Leu  (Glasser et al., 1992); 5-methoxycarbonylmethyluridine 

(mcm5U34) present in tRNAmcm5UCU
Arg  and tRNAmcm5UCC

Gly  (Kuntzel et al., 1975; 
Lu et al., 2005); and 5-methoxycarbonylmethyl-2-thiouridine (mcm5s2U34) 

present in tRNAmcm5s2UUG
Gln , tRNAmcm5s2UUU

Lys  and tRNAmcm5s2UUC
Glu  (Figure 4B) 

(Kobayashi et al., 1974; Lu et al., 2005; Smith et al., 1973). 

In S. cerevisiae at least 15 gene products are required to form the 
mcm5 side group and 11 gene products are required to form a 2-thio (s2) 
group on uridine at the wobble position (Figure 5). In order to form the 
mcm5 and ncm5 side chains on wobble uridine, Elongator complex (Elp1p-
Elp6p), Kti11p-Kti14p, Sit4p, Sap185p and Sap190p are required for the first 
step: synthesis of an intermediate likely to be 5-carboxymethyluridine 
(cm5U) (Figure 5) (Huang et al., 2005; Huang et al., 2008). Deletion 
of any of the ELP1-ELP6, KTI11, KTI12, KTI14 (HRR25), SIT4 or SAP185 and 
SAP190 genes results in total loss of mcm5 and ncm5 side chain formation on 
wobble uridines, whereas deletion of the KTI13 gene results in reduced levels 
of these modifications (Huang et al., 2005; Huang et al., 2008). The 
last step in formation of the mcm5 side chain requires the Trm9p/Trm112p 
methyltransferase complex and S-adenosylmethionine (AdoMet) as a methyl 
donor, but the gene products required for the last step in formation of the 
ncm5 side chain are still unknown (Figure 5) (Chen et al., 2011a; 
Kalhor and Clarke, 2003; Mazauric et al., 2010). In addition to the 

ncm5 side chain, the wobble uridine (U34) of tRNAncm5UmAA
Leu  is also methylated 

at the 2’-hydroxyl of the ribose (Figure 4B) (Glasser et al., 1992). Trm7 
methyltransferase and AdoMet (as a methyl donor) are required for the 2’-O-
methylation both in vivo and in vitro (Guy et al., 2012; Pintard et al., 
2002). Formation of the 2-thio (s2) group present in three tRNA species 

(tRNAmcm5s2UUG
Gln , tRNAmcm5s2UUU

Lys  and tRNAmcm5s2UUC
Glu ) requires 11 gene products 

(Figure 5) (Bjork et al., 2007; Dewez et al., 2008; Esberg et al., 
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2006; Huang et al., 2005; Huang et al., 2008; Leidel et al., 2009; 
Nakai et al., 2008; Nakai et al., 2007; Nakai et al., 2004; Noma et 
al., 2009; Schlieker et al., 2008).  In S. cerevisiae, absence of mcm5 
side chain results in reduced s2 formation, whereas in S. pombe deletion of 
the ELP3/SIN3 gene results in loss of both mcm5 and s2 groups (Bauer et 
al., 2012; Leidel et al., 2009; Nakai et al., 2008; Noma et al., 
2009). 

 

3. The Role of Wobble Uridine Modifications in Yeast 

The genetic code consists of 64 codons: 61 sense codons encoding an amino 
acid and three stop codons. In yeast the 61 sense codons are decoded by 42 
tRNA species as certain tRNA species decode more than one sense codon 
(Crick, 1966; Hani and Feldmann, 1998; Percudani et al., 1997). 
According to Crick’s wobble hypothesis, a uridine at position 34 (U34) of the 
anticodon in tRNA can recognize both A and G bases found in the third 
position of the codon in mRNA (Crick, 1966). However, the current, 
revised version holds that an unmodified U34 can recognize all four bases (A, 
G, C and U) (Agris, 1991; Lim, 1994; Yokoyama and Nishimura, 
1995). Uridines at the wobble position (U34) of tRNAs are often modified to 
5-methyluridine derivatives (xm5U34, where x stands for any of several 
groups and m5 for a methylene carbon directly bound to position 5 of the 
wobble uridine), in organisms from all three domains of life (Machnicka et 
al., 2013; Takai and Yokoyama, 2003). Additional side groups, such as 
a 2-thio or a 2’-O-methyl, can also be added to xm5U34 to form xm5s2U34 or 
xm5Um34. It has been suggested that the modified wobble uridine nucleoside 
[xm5(s2)U(m)34] restricts wobble recognition, as part of a mechanism that 
prevents misreading of U or C (Yokoyama and Nishimura, 1995; 
Yokoyama et al., 1985). Furthermore, the modified wobble uridines are 
believed to either allow efficient pairing with both A and G or to improve 
pairing with A while reducing pairing with G (Johansson et al., 2008; 
Kruger et al., 1998; Lim, 1994; Murphy et al., 2004; Takai and 
Yokoyama, 2003; Weissenbach and Dirheimer, 1978; Yarian et 
al., 2002; Yokoyama and Nishimura, 1995; Yokoyama et al., 1985).  

As the gene products required for the yeast wobble uridine 
modifications have been identified, effects of the modifications on 
translation decoding have been investigated using various strategies. 
Notably, an in vivo study of growth properties of yeast mutants lacking 
certain tRNA genes and genes required for wobble uridine modifications 
revealed that in most cases ncm5, mcm5 or s2 side groups promote reading of 
both A- and G- ending codons, whereas presence of the esterified methyl 
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group of mcm5 side chains has a modest effect on decoding (Johansson et 

al., 2008). In addition, tRNAncm5UGG
Pro  can read A-, G-, C- or U- ending 

codons, regardless of whether or not it has the ncm5 side chain at the wobble 
uridine (Johansson et al., 2008). 

Effects of wobble uridine modification on translation decoding have 
also been studied using various reporter systems. For instance, the SUP4-
encoded ochre suppressor tRNA (which has mcm5U34 at the wobble position) 
can decode cognate UAA stop and (to a lesser extent) near-cognate UAG stop 
codons (Huang et al., 2005). Absence of mcm5 modification in SUP4 
suppressor tRNA results in poor decoding of these stop codons (Johansson 
et al., 2008). Another study, involving use of a codon-specific lacZ reporter 
system, found that loss of the esterified methyl group of mcm5 side chain in 

tRNAmcm5UCU
Arg  reduced efficiency of decoding both cognate AGA and near-

cognate AGG codons (Begley et al., 2007). 

Effects of wobble uridine modifications on translation elongation in 
S. cerevisiae have also been investigated recently by ribosome profiling, a 
technique used to determine genome-wide distributions of ribosomes on 
mRNA and thus identify codons where elongation of translation is slow. 
These studies have found that mutants with a defect in mcm5s2U34 formation 
show ribosome accumulation when an AAA, CAA or GAA codon (respectively 

decoded by tRNAmcm5s2UUU
Lys , tRNAmcm5s2UUG

Gln  and tRNAmcm5s2UUC
Glu ) is in the 

ribosomal A-site (Nedialkova and Leidel, 2015; Zinshteyn and 
Gilbert, 2013). Moreover, an in vitro study has shown that entry of 

hypomodified tRNAUUU
Lys , isolated from either elp3Δ (tRNAs2UUU

Lys ) or urm1Δ 

(tRNAmcm5UUU
Lys ) mutants, into ribosomal A-site is delayed during elongation 

of translation (Rezgui et al., 2013). These results suggest that the 
presence of mcm5s2U34 plays an important role in ribosomal A-site selection 
and hence translation elongation. 

Ribosome stalling and impairment of ribosomal A-site selection may 
lead to translation errors such as frameshifting. In bacteria the modified 

nucleoside mnm5s2U34 present in tRNAmnm5s2UUU
Lys , tRNAmnm5s2UUG

Gln  or 

tRNAmnm5s2UUC
Glu  is important for proper reading frame maintenance since its 

absence increases frameshifting events at AAA, CAA and GAA codons 
(Bregeon et al., 2001; Brierley et al., 1997; Licznar et al., 2003; 
Urbonavicius et al., 2001; Urbonavicius et al., 2003). 

Furthermore, occurrence of -1 frameshifting at 4x GAG codon runs is 
reportedly elevated in trm9Δ mutants of S. cerevisiae, which cannot form the 
esterified methyl group of the mcm5 side group (Patil et al., 2012a). 
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However, the cited study did not provide extensive information on the role of 
wobble uridine modifications in reading frame maintenance. Thus, in the 
study reported in Paper I my colleagues and I (hereafter we) further 
investigated the necessity of ncm5, mcm5 or s2 side groups at wobble uridines 
for reading frame maintenance. We found that in most cases absence of the 
mcm5 or s2 side groups results in increased +1 frameshifting at 
corresponding cognate and near-cognate codons, but absence of the ncm5 
side group or esterified methyl group of mcm5 has minor effects on 
frequencies of +1 frameshifting (Tukenmez et al., 2015). 

Yeast strains with defects in formation of ncm5, mcm5, and s2 side 
groups at wobble uridines show pleiotropic phenotypes (reviewed in 
(Karlsborn et al., 2014b)). Furthermore, all phenotypes tested so far 
except the defect in tRNA modification can be suppressed by overexpression 

of hypomodified tRNAUUU
Lys , tRNAUUG

Gln  and tRNAUUC
Glu  in various combinations 

(Bauer et al., 2012; Chen et al., 2011a; Dewez et al., 2008; Esberg 
et al., 2006; Fernandez-Vazquez et al., 2013; Klassen et al., 2015; 
Nedialkova and Leidel, 2015; Tigano et al., 2015; Tukenmez et al., 
2015; Zinshteyn and Gilbert, 2013). Therefore, it has been suggested 
that these observed phenotypes are probably caused by inefficient 
translation of certain mRNAs due to lack of the wobble uridine 
modifications. According to a proteome-wide study, about 270 proteins are 
either up- or down-regulated in S. cerevisiae strains that cannot form 
ncm5/mcm5 or s2 side groups at wobble uridines (Rezgui et al., 2013). 
Moreover, the downregulated proteins are expressed from the genes that are 
mostly enriched in AAA, CAA and GAA codons, respectively decoded by 

tRNAmcm5s2UUU
Lys , tRNAmcm5s2UUG

Gln  and tRNAmcm5s2UUC
Glu  (Rezgui et al., 2013). 

In summary, all these findings suggest that mRNAs enriched in 
AAA, CAA and GAA codons are most likely to induce translation errors that 
result in reduced protein expression and hence various pleiotropic 
phenotypes in strains lacking wobble uridine modifications. Therefore, in the 
study described in Paper II we further investigated the influence of AAA 
and CAA codon enrichments on protein expression in an elp3Δ strain of S. 
cerevisiae. 

 

4. Elongator Complex 

The Elongator complex was first identified in S. cerevisiae as a histone 
acetyltransferase (HAT) complex consisting of three subunits (Elp1p, Elp2p 
and Elp3p), which associates with the hyper-phosphorylated elongation form 
of RNA polymerase II (Pol II) (Otero et al., 1999; Wittschieben et al., 
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1999). Three more Elongator subunits (Elp4, Elp5 and Elp6) forming an 
Elongator sub-complex were subsequently discovered (Krogan and 
Greenblatt, 2001; Li et al., 2001; Winkler et al., 2001). Based on the 
crystal structure of the Elp456 sub-complex, it was suggested that the 
Elongator complex contains two copies of the Elp1p-Elp3p core complex and 
a hexameric ring formed by two copies of the Elp4-Elp6 sub-complex (Glatt 
et al., 2012; Lin et al., 2012). Homologs of the Elp3 protein can be found 
essentially in all archaea, but not the other Elongator subunits 
(Paraskevopoulou et al., 2006; Selvadurai et al., 2014).  Moreover, 
an in vitro study showed that in the presence of acetyl-CoA, an Elp3p 
homolog from the archaeon Methanocaldococcus infernus can modify 
wobble uridine (U34) in tRNA to cm5U34, which is likely the first step in 
formation of ncm5 and mcm5 side groups (Selvadurai et al., 2014). 
Orthologues of the Elongator proteins can be found in multicellular 
eukaryotes and six subunit complexes have been purified from plants and 
humans (Chen et al., 2009a; Close et al., 2012; Cohen et al., 2015; 
Gkampeta et al., 2014; Hawkes et al., 2002; Mei et al., 2014; 
Nelissen et al., 2010; Nelissen et al., 2005; Okada et al., 2010; 
Simpson et al., 2009; Xu et al., 2015b; Zhu et al., 2015). In addition, 
mutations in Elongator genes in the worm (Caenorhabditis elegans), mouse 
(Mus musculus), plant (Arapidopsis thaliana) and humans cause defects in 
formation of wobble uridine modifications as observed in yeast Elongator 
mutants (Chen et al., 2009a; Karlsborn et al., 2014a; Lin et al., 
2013; Mehlgarten et al., 2010). 

 

4.1. The Elongator Complex in S. cerevisiae 

The Elongator complex in S. cerevisiae is reportedly involved in several 
cellular processes, including RNA polymerase II (Pol II) transcription, 
exocytosis, DNA damage responses, telomeric gene silencing and wobble 
uridine modifications (Huang et al., 2005; Li et al., 2001; Otero et al., 
1999; Rahl et al., 2005; Winkler et al., 2002; Winkler et al., 2001; 
Wittschieben et al., 1999). The complex was initially found to consist of 
three proteins (Elp1p, Elp2p, and Elp3p) and thought to participate in Pol II 
transcription due to its association with the hyperphosphorylated elongating 
form of Pol II (Otero et al., 1999). In vitro studies suggested that the Elp3 
subunit of the Elongator complex has histone acetyltransferase activity that 
allows it to transfer acetyl groups from acetyl-CoA to histones 
(Wittschieben et al., 2000; Wittschieben et al., 1999). Moreover, an 
in vivo study showed that inactivation of the ELP3 gene results in decreased 
histone (H3 and H4) acetylation (Winkler et al., 2002). However, the role 
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of Elongator complex in transcription elongation and histone acetylation was 
subsequently questioned, as chromatin immuno-precipitation experiments 
failed to detect the Elongator complex on actively transcribed genes and it 
was found to be largely localized in the cytosol (Huh et al., 2003; 
Pokholok et al., 2002; Rahl et al., 2005). The cytoplasmic role of the 
complex was initially suggested to be in regulation of exocytosis, as the Elp1p 
subunit interacts with Sec2p, a guanine nucleotide exchange factor required 
for polarized transport of secretory vesicles (Rahl et al., 2005; Salminen 
and Novick, 1987; Walch-Solimena et al., 1997). 

It was later discovered that null alleles of any gene encoding an 
Elongator complex subunit results in loss of the 5-carbamoylmethluridine 
(ncm5U), 5-carbamoylmethyl-2’-O-methyluridine (ncm5Um), 5-
methoxycarbonylmethyluridine (mcm5U) and 5-methoxycarbonylmethyl-2-
thiouridine (mcm5s2U) wobble nucleosides in a subset of tRNAs (Huang et 
al., 2005). Therefore, it was suggested that the complex is required for an 
early step in formation of ncm5 and mcm5 side groups on wobble uridines 
(Huang et al., 2005). This discovery raised questions regarding the 
Elongator complex’s role in transcription and exocytosis, as the pleiotropic 
phenotypes observed in Elongator mutants may be caused by defects in 
translation due to loss of tRNA wobble uridine modifications. Accordingly, it 
was found that the pleiotropic perturbations observed in Elongator mutants, 
including the defects in transcription and exocytosis, could be suppressed by 

elevated levels of hypomodified tRNAs2UUU
Lys  and tRNAs2UUG

Gln  lacking mcm5 side 
chains at wobble position (Esberg et al., 2006). Another role for the 
Elongator complex was suggested to be in DNA repair, as Elongator mutants 
display partial loss of telomeric gene silencing and increased sensitivity to 
DNA damaging agents, and both of these phenotypes can be supressed by 

elevated levels of hypomodified tRNAs2UUU
Lys , tRNAs2UUG

Gln  and tRNAs2UUC
Glu  

(Chen et al., 2011b; Li et al., 2009). Overall, all phenotypes tested to 
date in both S. cerevisiae and S. pombe Elongator mutants are suppressed 
by overexpression of these hypomodified tRNAs in various combinations 
(Bauer et al., 2012; Chen et al., 2011b; Esberg et al., 2006; 
Fernandez-Vazquez et al., 2013; Klassen et al., 2015; Nedialkova 
and Leidel, 2015; Scheidt, 2014; Tigano et al., 2015; Tukenmez et 
al., 2015; Zinshteyn and Gilbert, 2013). 

In addition, an ncs2Δ mutant unable to form the 2-thio (s2) group 

but not the mcm5 group at the wobble position in tRNAmcm5UUU
Lys , 

tRNAmcm5UUG
Gln  and tRNAmcm5UUC

Glu  displays identical but weaker phenotypes 
than Elongator mutants. Similarly, phenotypes observed in the ncs2Δ 

mutant can be suppressed by elevated levels of hypomodified tRNAmcm5UUU
Lys , 
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tRNAmcm5UUG
Gln  and tRNAmcm5UUC

Glu  in various combinations (Chen et al., 
2011b; Esberg et al., 2006; Leidel et al., 2009; Nedialkova and 
Leidel, 2015). These observations indicated that the primary role of the 
Elongator complex is linked to tRNA wobble uridine modifications and the 
pleiotropic phenotypes observed in Elongator mutants were considered 
results of defects in translation caused by hypomodified tRNAs. However, it 
is still not known if the pleiotropic phenotypes are caused by a global 
reduction of protein expression or reduced protein expression from a subset 
of mRNAs. Thus, in the study reported in Paper III we investigated the 
metabolic perturbations in the elp3Δ strain and whether elevated levels of 

hypomodified tRNAs2UUU
Lys , tRNAs2UUG

Gln  and tRNAs2UUC
Glu  can restore levels of the 

affected metabolites. 

 

4.2. Regulation of Elongator Complex Activity in S. 
cerevisiae 

Another phenotype of S. cerevisiae Elongator mutants is resistance to 
zymocin, a three-subunit anti-yeast toxin produced by certain strains of 
Kluyveromyces lactis (Butler et al., 1991; Butler et al., 1994; Frohloff 
et al., 2001; Kishida et al., 1996). The α- and β- subunits are required 
for the toxin to attach to the wall of a susceptible cell and transfer the 
cytotoxic γ-subunit into its cytoplasm (Butler et al., 1991; Schaffrath 
and Meinhardt, 2005; Stark and Boyd, 1986). Two types of S. 
cerevisiae mutants are resistant to this toxin. Type I mutants are resistant to 
exogenous zymocin due to perturbations that inhibit take-up of the toxin, 
while type II mutants are resistant to both exogenous zymocin and 
endogenous expression of the γ-toxin (Butler et al., 1991; Schaffrath 
and Meinhardt, 2005). It was later discovered that the γ-toxin is an 

endonuclease that cleaves tRNAmcm5s2UUU
Lys , tRNAmcm5s2UUG

Gln  and tRNAmcm5s2UUC
Glu  

and between mcm5s2U34 and U35 (Lu et al., 2005). Presence of both mcm5 
and s2 side groups at wobble uridines is necessary for these tRNAs to be 
substrates for the γ-toxin (Huang et al., 2008; Lu et al., 2008; Lu et 
al., 2005). Therefore, Elongator mutants lacking mcm5 side chains at 
wobble uridines are resistant to exogenous zymocin and endogenous 
expression of γ-toxin. According to genetic screens, strains with mutations in 
the TRM9 gene, Elongator subunit genes (ELP1-ELP6), killer toxin 
insensitive genes (KTI11-KTI14), the SIT4 gene or both the SAP185 and 
SAP190 genes are type II resistant mutants that cannot form ncm5 and mcm5 
side chains at wobble uridines (Butler et al., 1991; Butler et al., 1994; 
Frohloff et al., 2001; Huang et al., 2005; Huang et al., 2008; 
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Jablonowski et al., 2001; Kishida et al., 1996; Schaffrath and 
Meinhardt, 2005). 

Phosphorylation and de-phosphorylation of Elp1p, the largest 
subunit of the Elongator complex, play crucial roles in activity of the complex 
(Jablonowski et al., 2004; Mehlgarten et al., 2009). De-
phosphorylation of Elp1p requires the type 2A phosphatase Sit4p and two 
Sit4p-associated proteins (Sap185p and Sap190p) (Jablonowski et al., 
2004), whereas its phosphorylation requires the casein kinase Kti14p 
(Hrr25p) (Mehlgarten et al., 2009). It has been suggested that Sit4p and 
Kti14p regulate activity of the Elongator complex in an antagonistic manner 
via their respective Elp1p phosphorylation and de-phosphorylation activities 
(Jablonowski et al., 2004; Mehlgarten et al., 2009). Recently, nine in 
vivo phosphorylation sites of Elp1p were identified and two of these sites 
(Ser1198 and Ser1202) were identified as direct phosphorylation sites for Kti14p 
(Abdel-Fattah et al., 2015). It was also discovered that binding of Kti14p 
to the Elongator complex is dependent on Kti12p (Mehlgarten et al., 
2009). Kti12p interacts with the Elongator complex, but this interaction 
does not influence the complex’s formation or stability (Fichtner et al., 
2002; Petrakis et al., 2005). Moreover, both deletion and overexpression 
of the KTI12 gene result in resistance to zymocin (Butler et al., 1994). A 
deletion of the KTI12 gene results in loss of mcm5U34 and mcm5s2U34 
nucleosides, suggesting that Kti12p participates in formation of modified 
wobble uridine nucleosides (Huang et al., 2008). However, the function 
of Kti12p in regulation of the Elongator complex activity remains unclear. 

In addition to phosphorylation or de-phosphorylation of the Elp1p, 
proteolysis of Elp1p is another proposed mechanism for regulation of 
Elongator complex activity (Fichtner et al., 2003). Previous studies 
revealed that Elp1p exists in two major forms: full-length and an N-terminal 
truncated form (Fichtner et al., 2003; Krogan and Greenblatt, 
2001). It was also recently reported that proteolytic cleavage of Elp1p 
(between residues Lys203 and Ala204) is catalysed by the vacuolar protease 
Prb1p (Xu et al., 2015a). Deletion of Kti11p was shown to increase levels of 
the N-terminal truncated form of Elp1p, thus Kti11p was linked with 
regulation of Elongator complex activity (Bar et al., 2008; Fichtner et 
al., 2003). However, the proteolytic cleavage of Elp1p was subsequently 
shown to be an artifact occurring during protein extraction (Xu et al., 
2015a). Besides the formation of ncm5 and mcm5 side chains at wobble 
uridines, Kti11p (Dph3p) is involved in biosynthesis of the diphthamide 
modification on eukaryotic elongation factor 2 (eEF2) (Liu and Leppla, 
2003; Liu et al., 2004), in which it acts as an electron donor for iron-
sulphur (Fe-S) clusters in Dph1p and Dph2p (Dong et al., 2014). 
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Therefore, it was proposed that Kti11p also acts as an electron donor for the 
Fe-S cluster in Elp3p in regulation of Elongator complex activity (Dong et 
al., 2014). It was also discovered that Kti11p forms a stable complex with 
Kti13p, a guanine exchange factor-like (GEF-like) protein (Kolaj-Robin et 
al., 2015; Zabel et al., 2008), and proposed that formation of the 
heterodimeric Kti11p-Kti13p complex plays an important role in regulation 
of the electron transfer capacity of Kti11p (Kolaj-Robin et al., 2015). 

 

4.3. Elongator Complexes in Multicellular Organisms 

Orthologues of the Elongator complex subunits can be found in multicellular 
organisms (Chen et al., 2009a; Close et al., 2012; Hawkes et al., 
2002; Nelissen et al., 2010; Nelissen et al., 2005; Okada et al., 
2010; Simpson et al., 2009; Winkler et al., 2001). As in yeast, 
mutations in genes encoding subunits of the complex in the worm C. 
elegans, plant A. thaliana, mouse M. musculus and humans result in loss of 
wobble uridine modifications (Chen et al., 2009a; Karlsborn et al., 
2014a; Lin et al., 2013; Mehlgarten et al., 2010). In C. elegans, ELPC-
1 (a homolog of yeast Elp1p) and ELPC-3 (a homolog of yeast Elp3p) 
subunits of the Elongator complex are strongly expressed in a subset of 
chemosensory neurons required for salt chemotaxis learning (Chen et al., 
2009a). Inactivation of the elpc-1 or elpc-3 gene causes posttranscriptional 
reduction of neuropeptides and acetylcholine in the synaptic cleft, resulting 
in both neural function and developmental defects (Chen et al., 2009a). 
In addition, ELPC-3 protein has been suggested to acetylate lysine 40 (K40) 
of α-tubulin (Solinger 2010). However, the C. elegans elpc-3 mutant does 
not reportedly display a defect in K40 acetylation of α-tubulin (Chen et al., 
2009a). Furthermore, MEC-17 (ATAT1) and ATAT2 proteins were later 
discovered to be the sole α-tubulin acetylases in C. elegans, as double mec-17 
atat2 mutants lack K40 acetylation of α-tubulin  (Akella et al., 2010; 
Shida et al., 2010). In the fruit fly Drosophila melanogaster, the Elp3 
protein was proposed to play an active role in larval- and neuro-development 
(Singh et al., 2010; Walker et al., 2011). It was suggested that Elp3p is 
required for acetylation of Bruchpilot, a protein required for neuronal 
differentiation, thus mutations in the ELP3 gene could result in 
neurodevelopmental defects in D. melanogaster (Miskiewicz et al., 
2011). In the plant A. thaliana, mutations in the ELO2, ELO3 or ELO1 genes 
(respectively encoding homologs of the yeast Elongator subunits Elp1p, 
Elp3p and Elp4p) cause defects in cell proliferation resulting in narrow 
leaves and reduced root growth (Nelissen et al., 2005). It was also 
proposed that the Elongator complex plays an important role in regulating 
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plant’s responses to abiotic stresses (Nelissen et al., 2005; Zhou et al., 
2009). In mice, conditional inactivation of the Ikbkap gene, encoding a 
homolog of the yeast Elp1p, results in meiotic defects during 
spermatogenesis (Lin et al., 2013). Moreover, homozygous Ikbkap-
knockout (ikbkap-/-) mice die during embryonic development (Chen et al., 
2009b). It was also discovered that knockdown of homologs of the yeast 
Elongator subunits Elp1p, Elp3p or Elp4p in mice zygotes impairs paternal 
DNA demethylation during embryogenesis (Okada et al., 2010). Similarly 
to the C. elegans ELPC-3 protein, the Elp3p homolog in mice has been 
implicated in K40 acetylation of α-tubulin (Creppe et al., 2009). 
However, the Atat1 protein was later identified as the major α-tubulin 
acetylase in mice (Kim et al., 2013). Recent ribosome profiling studies 
have revealed that in both mice and C. elegans loss of wobble uridine 
modifications leads to increased ribosomal pausing at their cognate codons 
(Laguesse et al., 2015; Nedialkova and Leidel, 2015). Based on this, it 
was suggested that alteration of codon translation speed in mice triggers 
endoplasmic reticulum stress and the unfolded protein response resulting in 
intermediate progenitors and hence microcephaly (Laguesse et al., 2015). 

In mammalian cells, IKAP (hELP1) was first identified as a scaffold 
protein involved in pro-inflammatory cytokine signalling, as it supports 
assembly of active NIK-IKK kinase complexes in the IкB pathway (Cohen et 
al., 1998). However, it was later discovered that IKAP does not associate 
with IKKs and does not participate in cytokine-induced NF-кB activation 
(Krappmann et al., 2000). IKAP was also suggested to be involved in 
regulation of mammalian stress responses, as it interacts with the c-Jun N-
terminal kinase (JNK) and possibly regulates activation of JNK (Holmberg 
et al., 2002). In addition, IKAP-depleted cells display defects in cell 
motility due to reduced expression of actin cytoskeleton modulators such as 
gelsolin, caveolin-1 and paxilin (Close et al., 2006). The reduced 
expression of these proteins was linked to inefficient histone acetylation 
upon loss of IKAP (Close et al., 2006). However, the indications that 
IKAP-depleted cells have reduced levels of proteins involved in cell motility 
were subsequently questioned due to failure to repeat these results and the 
observation that IKAP-depleted cells display defects in actin cytoskeleton 
organization due to mislocalization of filamin A (Johansen et al., 2008). 
Later studies also suggested that the cell motility defects observed in IKAP-
depleted cells are linked to destabilization of microtubules caused by 
reduction in JNK protein expression and increased expression of the 
microtubule destabilizing protein SCG1o (Abashidze et al., 2014; 
Cheishvili et al., 2011). Further suggestions are that DERP6/hELP5 and 
C3ORF75/ELP6 proteins play important roles in the migration, invasion and 
tumorigenicity of melanoma cells (Close et al., 2012). All these 
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observations indicate that the Elongator complex has a conserved role in 
formation of wobble uridine modifications in multicellular organisms, and 
phenotypes associated with perturbation of the complex observed in worms, 
mice and humans might be linked to loss of these modifications. 

 

4.4. The Elongator Complex and Human Diseases 

Several diseases have been linked to mutations in genes encoding human 
Elongator subunits. For instance, familial dysautonomia (FD) is a 
neurodegenerative disease caused by a recessive mutation in the IKBKAP 
gene encoding IKAP/hELP1 protein (Anderson et al., 2001; 
Slaugenhaupt et al., 2001). This mutation is located in intron 20 of the 
IKBKAP gene, and causes an IKBKAP mRNA splicing defect resulting in a C-
terminal truncation of IKAP protein (Dong et al., 2002; Slaugenhaupt 
et al., 2001). This splicing defect has suggested tissue-specificity, as FD 
patients have reduced levels of full-length IKAP in brain tissues, but IKAP 
levels are not affected in lymphoblasts (Cuajungco et al., 2003; 
Slaugenhaupt et al., 2001). Furthermore, findings reported in Paper IV 
indicate that the reduced IKAP protein levels in fibroblast cell lines and 
brain tissues derived from FD patients lead to lower levels of the modified 
wobble uridine nucleosides (mcm5s2U) in tRNAs (Karlsborn et al., 
2014a). 

Variants of the other Elongator subunits are also related to several 
diseases. For instance, allelic variants of the human ELP3 gene have been 
associated with amyotrophic lateral sclerosis (ALS), a progressive motor 
neuron disease (Simpson et al., 2009). It has also been suggested that 
variants of the human ELP4 (hELP4) gene are linked to Rolandic epilepsy 
(RE), a neurodevelopmental disorder affecting 0.2% of the population 
(Strug et al., 2009). However, the proposed link between the hELP4 gene 
and RE disorder was subsequently questioned, as a recent study detected no 
enrichment of mutant forms of the hELP4 gene in affected patients 
(Reinthaler et al., 2014). Moreover, missense variants of the human 
ELP2 (hELP2) gene have been linked to intellectual disability (ID), as they 
have been discovered in genomic DNA from patients with severe ID (Cohen 
et al., 2015). Despite these findings the connections between the Elongator 
complex and human diseases is still unclear. However, the conserved role of 
the Elongator complex in formation of wobble uridine modifications 
indicates that the diseases are likely caused by translation defects associated 
with loss of these modifications. 

 



23 
 

Results and Discussion 

This section briefly summarizes the rationale, methods, findings and 
implications of the studies reported in the four appended papers (I-IV). 

 

Paper I: The role of wobble uridine modifications in +1 
translational frameshifting in eukaryotes 

Translation, where genetic information in mRNA species is converted into 
corresponding proteins, is the most energy-consuming process in cells. 
Although the translation machinery decodes mRNAs with high efficiency and 
fidelity, errors inevitably occur at low frequencies (Kurland, 1992). 
Translational errors such as frameshift errors are detrimental to the function 
or stability of the generated proteins as they completely change the reading 
frame downstream of the frameshifting site, resulting in changes in amino 
acid sequences and/or truncated proteins (Kurland, 1992; Parker, 
1989). Frameshift errors are not as frequent as other common translation 
errors, such as missense errors, but there are many examples of alterations 
in tRNA structure increasing frameshifting frequencies (Atkins and Björk, 
2009; Björk and Hagervall, 2014; Kurland, 1992; Parker, 1989). In 
bacteria, the modified wobble nucleoside 5-methylaminomethyl-2-
thiouridine (mnm5s2U34) present in a subset of bacterial tRNA isoacceptors 
is important for proper reading frame maintenance, as its absence increases 
frameshifting frequencies (Brierley et al., 1997; Licznar et al., 2003; 
Maynard et al., 2012; Urbonavicius et al., 2001; Urbonavicius et 
al., 2003). Similarly, a previous study showed that the esterified methyl 
group of 5-methoxycarbonylmethyluridine (mcm5U34) is important for 
preventing -1 frameshifting in yeast, but not where the frameshift error 
occurs (Patil et al., 2012a). Therefore, it was important to investigate 
whether or not the presence of ncm5, mcm5 or s2 groups at wobble uridines 
in yeast tRNA isoacceptors is crucial for reading frame maintenance.  

To analyse the role of wobble uridine modifications in reading frame 
maintenance, we used yeast mutants that cannot form the s2 group (tuc1Δ), 
ncm5 or mcm5 side chains (elp3Δ) or the esterified methyl group of the mcm5 
side chain (trm9Δ). A Renilla (R-luc)/Firefly (F-luc) bicistronic reporter 
system was used to determine levels of +1 frameshifting in both wild type 
and mutant strains. The reporter system contains a single frameshifting 
window consisting of a slippery codon (at which the peptidyl-tRNA will slip) 
and a test codon (assayed for ribosomal A-site selection) followed by an in-
frame stop codon. This frameshifting window is inserted between the Renilla 
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and Firefly genes in such way that the Firefly luciferase is only expressed 
when +1 frameshifting occurs within this window. The level of +1 
frameshifting was then determined by dividing the ratio of F-luc/R-luc 
generated from the frameshifting test construct by the ratio of F-luc/R-luc 
generated from the in-frame control. We discovered that in most cases lack 
of the mcm5 and/or s2 groups in tRNA isoacceptors results in higher levels of 
+1 frameshifting with codons decoded by these tRNAs, suggesting that 
presence of these modifications is vital for reading frame maintenance. We 
also found little difference in +1 frameshifting rates in the presence and 
absence of the ncm5 group or the esterified methyl group in the mcm5 side 
chain, thus they seem to play minor roles in this type of frameshifting. 

Frameshifting errors caused by tRNA modification deficiency are 
well-explained with a peptidyl-tRNA slippage model, according to which 
peptidyl-tRNA slippage may be induced by either an A-site effect, P- site 
effect, or a combination thereof (Atkins and Björk, 2009; Björk and 
Hagervall, 2014; Björk et al., 1999; Farabaugh, 1996a, b; 
Farabaugh and Björk, 1999; Gallant et al., 2000; Jäger et al., 2013; 
Näsvall et al., 2009; Urbonavicius et al., 2001). The Renilla/Firefly 
bicistronic reporter system was designed to detect +1 frameshifting events, 
but not to distinguish between an A- or a P-site effect caused by modification 
deficiency. Thus, we decided to use an altered version of the 
HIS4A::Ty1::lacZ reporter system to investigate whether or not the +1 
frameshifting event induced by lack of mcm5 groups is due to an A-site effect. 
In yeast, expression of the TyB gene of the Ty retrotransposon requires a 
programmed +1 frameshifting event. Only a seven nucleotide sequence 
(CUU-AGG-C) is required for the +1 frameshifting event, so only two tRNA 

species (tRNAUAG
Leu  and tRNACCU

Arg ) participate in it (Belcourt and 

Farabaugh, 1990). The low availability of tRNACCU
Arg  results in low rates of 

ribosomal A-site selection, causing a pause and therefore slippage of 

tRNAUAG
Leu  at the CUU codon (P-site) into the +1 frame (UU-A)  (Belcourt 

and Farabaugh, 1990). The HIS4A::Ty1::lacZ reporter system consists of 
the first 100 nucleotides of the HIS4 gene followed by seven nucleotides 
(CUU-AGG-C) of the TyB gene and the LacZ gene in a +1 frame. These seven 
nucleotides in the TyB gene are required for a +1 frameshifting event, and 
thus expression of the LacZ gene. We changed the arginine AGG codon 

decoded by tRNACCU
Arg  in the CUU-AGG-C sequence into a lysine AAA codon 

decoded by tRNAmcm5s2UUU
Lys  to determine whether or not the +1 frameshifting 

induced by lack of the mcm5 group is caused by slow ribosomal A-site 
selection. We found that expression of the LacZ gene is around ten-fold 

higher in the elp3Δ mutant lacking the mcm5 group in tRNAs2UUU
Lys  than in the 
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wild type strain. Furthermore, overexpression of the hypomodified 

tRNAs2UUU
Lys  in the elp3Δ mutant reduced the LacZ expression level to around 

three-fold higher than in the wild type strain. Thus, elevated levels of 

hypomodified tRNAs2UUU
Lys  in the elp3Δ mutant seem to improve its selection 

in the ribosomal A-site, as it reduces levels of +1 frameshifting. All these 
findings indicate that the induced +1 frameshifting observed in the CUU-

AAA-C frameshifting window is caused by slippage of the peptidyl-tRNAUAG
Leu  

due to slow entry of the hypomodified tRNAs2UUU
Lys  into the ribosomal A-site, 

therefore this frameshifting event is consistent with the A-site effect caused 
by modification deficiency model. 

Mutants unable to form ncm5, mcm5 or s2 groups at wobble uridines 
display pleiotropic phenotypes which can be suppressed by overexpression 
of hypomodified tRNAs (Bauer et al., 2012; Chen et al., 2011b; Esberg 
et al., 2006; Fernandez-Vazquez et al., 2013; Klassen et al., 2015; 
Nedialkova and Leidel, 2015; Tigano et al., 2015; Zinshteyn and 
Gilbert, 2013). This suggests that the observed phenotypes are caused by 
inefficient translation due to poor decoding of codons read by hypomodified 
tRNAs. Our data show that absence of mcm5 or s2 groups at wobble uridines 
increases levels of +1 frameshifting errors, which might be partially 
responsible for the mentioned mutant phenotypes.  

 

Paper II: Elongator complex enhances Rnr1p levels in 
response to DNA damage by influencing Ixr1p expression 

As already mentioned, the Elongator complex is a six subunit protein (Elp1p-
Elp6p) complex required for an early step in formation of the ncm5 and 
mcm5 groups at wobble uridines in a subset of tRNA isoacceptors (Huang 
et al., 2005). Loss-of-function mutations in any gene encoding an 
Elongator complex subunit result in loss of these wobble uridine 
modifications and a plethora of phenotypes, including high sensitivity to 
DNA damaging agents such as methyl methanesulfonate (MMS) (reviewed in 
(Karlsborn et al., 2014b)). All tested mutant phenotypes except the tRNA 
modification defects can be suppressed by overexpression of hypomodified 
tRNAs, suggesting that the observed mutant phenotypes are due to 
inefficient translation of mRNAs (Bauer et al., 2012; Chen et al., 2011b; 
Esberg et al., 2006; Fernandez-Vazquez et al., 2013; Klassen et al., 
2015; Nedialkova and Leidel, 2015; Tigano et al., 2015; Zinshteyn 
and Gilbert, 2013). Previous studies also implicated that absence of the 
mcm5s2U34 nucleoside causes inefficient translation of mRNAs enriched in 
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lysine AAA (read by  tRNAmcm5s2UUU
Lys ) and/or glutamine CAA (read by 

tRNAmcm5s2UUG
Gln ) codons (Bauer et al., 2012; Fernandez-Vazquez et al., 

2013; Rezgui et al., 2013).    

In the study reported in Paper II we performed a genome wide 
identification of genes rich in CAA (glutamine) codons and this analysis led 
to identification of the IXR1 gene. We showed that Ixr1p levels are around 
50% lower in the elp3Δ mutant than in the wild type strain, but they can be 

partially restored by overexpression of hypomodified tRNAs2UUU
Lys , tRNAs2UUG

Gln  

and tRNAs2UUC
Glu  without altering IXR1 mRNA levels. These observations 

indicate that reduced Ixr1p expression in the elp3Δ mutant is due to a post-
transcriptional defect. Ixr1p plays an important role in responses to DNA 
damage, as it is required for increases in dNTP production via induction of 
Ribonucleotide reductase 1 (Rnr1p) (Tsaponina et al., 2011). Therefore, 
we investigated whether or not Rnr1p induction is influenced by reduced 
Ixr1p expression in the elp3Δ mutant, and found that treatment with the 
alkylating agent methyl methanesulfonate (MMS) increases Rnr1p levels 1.7- 
and 1.3-fold in the wild type and elp3Δ strains, respectively. In addition, we 
discovered that reduced Rnr1p levels can be partially suppressed by elevated 
levels of the aforementioned hypomodified tRNAs in the elp3Δ mutant, but 
not the ixr1Δ elp3Δ double mutant. Overall, these results indicate that 
reduced expression of Ixr1p in the elp3Δ mutant is the main cause of lower 
Rnr1p levels with or without MMS treatment. Hence, the high sensitivity to 
DNA damaging agents observed in Elongator mutants might be partially due 
to reductions in Ixr1p expression and hence Rnr1p levels in responses to 
DNA damage.  

It has been previously reported that absence of the TRM9 gene, 
required for formation of the esterified methyl group of the mcm5 side chain 
(Kalhor and Clarke, 2003), results in lower Rnr1p levels under normal 
growth conditions as well as in responses to DNA damage (Begley et al., 
2007). However, we observed no difference in either Ixr1p or Rnr1p levels 
between the trm9Δ and wild type strains, with or without MMS treatment. 
The earlier publications also suggested that the reduced Rnr1p levels in the 
trm9Δ mutant may be due to inefficient translation of the RNR1 mRNA, as 
changing the codons read by tRNAs with the Trm9p-dependent modification 
in the RNR1 gene reportedly restored Rnr1p expression in the trm9Δ mutant 
(Patil et al., 2012a; Patil et al., 2012b). However, some of the codon 
changes introduced in the RNR1 gene in the cited studies were doubtful, and 
no correlations between mRNA and protein levels were described, so it is 
difficult to draw meaningful conclusions from these previous experiments. 
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Earlier studies also showed that impaired expression of a gene in the 
mutants lacking wobble uridine modifications can be ameliorated by 
changing the codons read by tRNAs dependent on wobble uridine 
modifications to corresponding codons read by tRNAs lacking these 
modifications (Bauer et al., 2012; Fernandez-Vazquez et al., 2013). 
As expression of the glutamine CAA codon-rich IXR1 gene is partially 

restored by elevated levels of tRNAs2UUU
Lys  and tRNAs2UUG

Gln  in the elp3Δ mutant, 
we decided to mutate all lysine AAA and glutamine CAA codons read by 
these tRNAs to corresponding G-ending near-cognate AAG and CAG codons 

read by tRNACUU
Lys  and tRNACUG

Gln  to improve its expression in the elp3Δ 
mutant. The codon alterations in the IXR1 gene ameliorated the low Ixr1p 
levels in the elp3Δ mutant, but did not fully restore them to levels in the wild 
type strain. Therefore, we changed all codons (172 in total) in the IXR1 gene 
that are read by tRNAs possessing the Elongator complex-dependent wobble 
uridine modifications in a further attempt to fully restore Ixr1p expression in 
the elp3Δ mutant. However, the improvement in Ixr1p levels this induced 
was similar to the improvement observed when only lysine and glutamine 

codons were changed. Moreover, elevated levels of hypomodified tRNAs2UUU
Lys , 

tRNAs2UUG
Gln  and tRNAs2UUC

Glu  were still capable of increasing Ixr1p expression 
from the optimized versions of the IXR1 gene, although no codons in the 
optimized IXR1 genes require these tRNAs during translation. Overall, full-
restoration of reduced Ixr1p levels in the elp3Δ mutant requires both codon 
alterations in the IXR1 gene and overexpression of the mentioned 
hypomodified tRNAs. Thus, these results suggest that the elp3Δ mutant has 
secondary defect(s) in other post-transcriptional processes that contributes 
to the reduced Ixr1p expression. 

It was previously shown that the reduced protein expression from 
lysine AAA-enriched CDR2 and ATF1 genes in S. pombe mutants lacking 
wobble uridine modifications can be suppressed by either elevating levels of 
hypomodified tRNAs or changing lysine AAA codons to AAG codons (Bauer 
et al., 2012; Fernandez-Vazquez et al., 2013). However, only the 
codon changes in the ATF1 gene were verified to improve translation of the 
ATF1 mRNA without altering the mRNA levels (Fernandez-Vazquez et 
al., 2013). Our results indicate that the reductions in expression of proteins 
in Elongator mutants may be synergistically caused by inefficient decoding 
of mRNAs rich in codons read by tRNAs with Elongator complex-dependent 
wobble uridine modifications and diverse secondary defects, such as 
translational initiation or post-translational modifications. Thus, the events 
that lead to reduced protein expression in Elongator mutants seem to be very 
complex. 
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Paper III: Loss of ncm5 and mcm5 wobble uridine side 
chains results in an altered metabolic profile 

As previously mentioned, the Elongator complex is a highly-conserved six 
subunit protein (Elp1p-Elp6p) complex that is involved in an early step in 
the formation of the ncm5 and mcm5 groups at wobble uridines in a subset of 
tRNA isoacceptors (Huang et al., 2005). In S. cerevisiae, Elongator 
mutants display a multitude of phenotypes linked to several cellular 
processes (reviewed in (Karlsborn et al., 2014b)). All phenotypes 
reportedly observed in Elongator mutants, except the tRNA modification 
defects, can be suppressed by elevated levels of hypomodified tRNAs, 
suggesting that the phenotypes are mainly caused by defects in translation 
(Bauer et al., 2012; Chen et al., 2011b; Esberg et al., 2006; 
Fernandez-Vazquez et al., 2013; Klassen et al., 2015; Nedialkova 
and Leidel, 2015; Tigano et al., 2015; Zinshteyn and Gilbert, 2013). 
Previous studies proposed that absence of the mcm5 group at wobble 
uridines causes inefficient translation of mRNAs rich in lysine AAA and/or 

glutamine CAA codons, respectively read by hypomodified  tRNAs2UUU
Lys  and 

tRNAs2UUG
Gln  (Bauer et al., 2012; Fernandez-Vazquez et al., 2013; 

Rezgui et al., 2013). Moreover, ribosome profiling studies revealed that in 
Elongator mutants ribosomal pausing occurs more frequently at lysine AAA 
and glutamine CAA codons (Nedialkova and Leidel, 2015; Zinshteyn 
and Gilbert, 2013). However, whether the Elongator mutant phenotypes 
are caused by global alterations in protein expression or reduced protein 
expression from a subset of mRNAs, was still not clear. Therefore, we 
decided to investigate the metabolic alterations that occur in the absence of 
wobble uridine modifications.  

Metabolite levels in an elp3Δ strain harbouring either an empty low-
copy LEU2 vector (elp3Δ-l.c.-empty) or the same vector containing a wild-
type ELP3 gene (elp3Δ-l.c.-ELP3) were determined by non-targeted gas 
chromatography coupled to time-of-flight mass spectrometry (GC-TOF-MS). 
As the Elongator mutants are temperature sensitive, we decided to monitor 
the metabolic alterations both at the optimal growth temperature (30°C) and 
a semi-permissive growth temperature (34°C). Absence of the ELP3 gene 
resulted in changes in levels of 36% of all detected metabolites in strains 
grown at 30°C, and the changes were most pronounced for glutamine, beta-
alanine, ornithine and lysine. In strains grown at 34°C, loss of the ELP3 gene 
resulted in changes in levels of 46% of all detected metabolites and the 
changes were most pronounced for lysine, ornithine, tyrosine and lactic acid. 
Thus, growth at 34°C resulted in more metabolic alterations than growth at 
30°C in the elp3Δ (elp3Δ-l.c.-empty) strain, relative to the elp3Δ strain 
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complemented with the wild-type ELP3 gene (elp3Δ-l.c.-ELP3). It is possible 
that some metabolic alterations in the elp3Δ strain are transient, and can 
only be observed under certain stress conditions such as elevated growth 
temperatures. It is also possible that the elevated temperature induces 
translational defects in the elp3Δ strain, and consequently more metabolic 
alterations. 

We next investigated whether or not the metabolic alterations 
observed in the elp3Δ strain can be suppressed by overexpression of 

hypomodified tRNAs2UUU
Lys , tRNAs2UUG

Gln  and tRNAs2UUC
Glu . We found that only 

certain metabolic alterations were partially suppressed, regardless of 
whether the strains were grown at 30°C or 34°C. The only metabolites with 
alterations in levels that were partially suppressed at both growth 
temperatures were ornithine and lysine, although we detected weak 
suppression of changes in several other metabolites. As overexpression of the 
mentioned tRNAs fully or partially suppresses Elongator mutant phenotypes 
(Bauer et al., 2012; Chen et al., 2011b; Esberg et al., 2006; 
Fernandez-Vazquez et al., 2013; Nedialkova and Leidel, 2015; 
Tigano et al., 2015), it was surprising that overexpression of these tRNAs 
did not result in similar suppression of changes in metabolite levels. It is 
possible that partial suppression of these metabolites is sufficient to improve 
the elp3Δ strain’s metabolic homeostasis enough to suppress the Elongator 
mutant phenotypes. However, as the ncm5 or mcm5 side chain is present at 
wobble uridines in 11 tRNA species, suppression of the metabolic alterations 
in the elp3Δ strain might require simultaneous overexpression of all these 
hypomodified tRNAs. 

 

Paper IV: Familial dysautonomia (FD) patients have 
reduced levels of the modified wobble nucleoside mcm5s2U 
in tRNA 

FD is a neurodegenerative disease caused by a mutation in the donor splicing 
site of intron 20 of the IKBKAP (hELP1) gene (Anderson et al., 2001; 
Slaugenhaupt et al., 2001). This mutation causes a splicing defect of the 
hELP1 mRNA, and consequently results in a C-terminal truncation of hELP1 
protein (Dong et al., 2002; Slaugenhaupt et al., 2001). This splicing 
defect was suggested to be tissue-specific, as FD patients have reduced levels 
of the full-length hELP1 protein in brain tissues, but not lymphoblasts 
(Cuajungco et al., 2003; Slaugenhaupt et al., 2001). The hELP1 
protein is part of the six-subunit Elongator protein complex, and orthologues 
of these subunits can be found in all eukaryotes (Chen et al., 2009a; 
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Close et al., 2012; Hawkes et al., 2002; Nelissen et al., 2010; 
Nelissen et al., 2005; Okada et al., 2010; Otero et al., 1999; 
Simpson et al., 2009; Winkler et al., 2001). As already noted, in yeast, 
the Elongator complex is required for formation of ncm5U, mcm5U and 
mcm5s2U nucleosides at the wobble position in tRNAs, and absence of these 
modified nucleosides results in translational defects and pleiotropic 
phenotypes (Esberg et al., 2006; Huang et al., 2005). In accordance 
with observed phenomena in yeast, loss-of-function mutations in any gene 
encoding subunits of the Elongator complex in the worm C. elegans, the 
plant A. thaliana and the mouse M. musculus results in diverse phenotypes 
including loss of wobble uridine modifications (Chen et al., 2009a; Lin et 
al., 2013; Mehlgarten et al., 2010; Nelissen et al., 2005; Okada et 
al., 2010).  

Despite the evidence regarding the Elongator complex’s functions in 
multicellular organisms, the possibility that FD patients might have defects 
in formation of modified wobble uridines due to reduced levels of full-length 
hELP1 protein had not been previously addressed.  Therefore, we isolated 
total tRNA samples from brain tissue and fibroblast cell lines derived from 
FD patients and healthy individuals, and determined levels of the mcm5s2U-
modified nucleoside by high-performance liquid chromatography (HPLC) in 
them. We found that levels of mcm5s2U modified nucleoside in total tRNA 
were 29-35% lower in brain tissue derived from FD patients than in 
corresponding tissue derived from healthy individuals. Similarly, fibroblast 
cell lines derived from FD patients had 36% lower levels of mcm5s2U 
modified nucleoside in total tRNA than cell lines derived from healthy 
individuals. We also confirmed the reduction in full-length hELP1 protein 
levels in fibroblast cell lines derived from FD patients with western blotting, 
in accordance with previous studies (Anderson et al., 2001; Cuajungco 
et al., 2003; Dong et al., 2002; Slaugenhaupt et al., 2001). The 
reductions in mcm5s2U levels observed in both brain tissue and fibroblast 
cell lines are similar to the reductions observed in yeast kti13Δ mutants 
(Huang et al., 2008). In yeast, absence of the KTI13 gene results in 
similar but weaker phenotypes than those of Elongator mutants, suggesting 
that partial loss of modified nucleosides is sufficient to cause translation 
defects and hence multiple phenotypes (Esberg et al., 2006; Zabel et al., 
2008). Moreover, earlier studies showed that translational defects caused 
by loss of wobble uridine modifications result in reduced neuronal function 
in both nematodes and mice (Chen et al., 2009a; Laguesse et al., 2015; 
Nedialkova and Leidel, 2015). Therefore, partial loss of the mcm5s2U 
nucleoside in tRNA may be the cause of inefficient translation in brain 
tissues of FD patients. 
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Conclusions 

 

 

1. Presence of mcm5 and s2 groups at wobble uridines play an important 
role in maintaining the reading frame during translation as absence of 
these modifications results in elevated levels of +1 frameshifting errors. 

The slow entry of the hypomodified tRNAs2UUU
Lys  into ribosomal A-site 

results in peptidyl-tRNA slippage, which can be suppressed by elevated 

levels of tRNAs2UUU
Lys . 

 

2. Absence of the ncm5 and mcm5 groups at wobble uridines in elp3Δ 
mutants results in reduced expression of Ixr1p and consequently lower 
Rnr1p levels in response to DNA damage. Reduction of the Ixr1p levels in 
these mutants is due to synergistic effects caused by inefficient decoding 
of codons read by tRNAs with Elongator-dependent wobble uridine 
modifications and secondary defects in other post-transcriptional 
processes. 

 
 
 

3. Loss of the ncm5 and mcm5 groups at wobble uridines in the elp3Δ 
mutant causes widespread metabolic alterations. Elevated levels of 

hypomodified tRNAs2UUU
Lys , tRNAs2UUG

Gln  and tRNAs2UUC
Glu  does not suppress all 

metabolic alterations observed in the elp3Δ mutant. 

 

4. Levels of mcm5s2U34-modified nucleoside in tRNAs are lower in both 
brain tissues and fibroblast cell lines derived from Familial 
dysautonomia patients than in corresponding materials derived from 
healthy individuals.  
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