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Abstract Regulation of protein synthesis contributes to

maintenance of homeostasis and adaptation to environ-

mental changes. mRNA translation is controlled at various

levels including initiation, elongation and termination,

through post-transcriptional/translational modifications of

components of the protein synthesis machinery. Recently,

protein and RNA hydroxylation have emerged as important

enzymatic modifications of tRNAs, elongation and termi-

nation factors, as well as ribosomal proteins. These

modifications enable a correct STOP codon recognition,

ensuring translational fidelity. Recent studies are starting to

show that STOP codon read-through is related to the ability

of the cell to cope with different types of stress, such as

oxidative and chemical insults, while correlations between

defects in hydroxylation of protein synthesis components

and STOP codon read-through are beginning to emerge. In

this review we will discuss our current knowledge of

protein synthesis regulation through hydroxylation of

components of the translation machinery, with special

focus on STOP codon recognition. We speculate on the

possibility that programmed STOP codon read-through,

modulated by hydroxylation of components of the protein

synthesis machinery, is part of a concerted cellular

response to stress.
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Introduction

A central feature of biological organisms is their ability to

generate metabolic energy required for basic cell mainte-

nance and synthesis of biomass. Nutrient oxidation

(catabolism) is tightly coupled to synthesis of new cell

components (anabolism), so that accumulation of undesired

products of metabolism hardly ever happens under physi-

ological conditions. This coupling between anabolism and

catabolism underlies the whole regulation of cellular bio-

chemistry, ultimately controlling concentrations of

intermediary metabolites and kinetics of the reactions.

Individual cells are nevertheless exposed to environmental

changes as a consequence of diverse types of physiological

or pathological insults including nutrient restriction,

nutrient overload or oxidative stress among others. Thus,

the complex regulatory machinery that synchronizes cata-

bolism and anabolism must be plastic enough to cope with

stressors. Protein synthesis, or translation, is one of the

processes that consumes the most energy within the cell

[1]. Thus, it is not surprising that translation is in fact one

of the most actively regulated cell mechanisms, responding

to signalling pathways that contain at least one component

capable of sensing environmental conditions. Although

many of these pathways control protein synthesis indirectly

through regulation of mRNA stability or sub-cellular

localization [2], most of them exert direct regulation

through post-translational modifications of components of

the translation machinery [3]. In this review we focus on

our current knowledge on the mechanisms by which one
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particular post-translational modification, hydroxylation,

can control protein synthesis. We speculate on the possi-

bility that STOP codon read-through, a mechanism that has

been linked to hydroxylation, may participate directly in

stress responses.

Protein synthesis: mechanism and regulation

The eukaryotic ribosome contains four distinct rRNA

molecules and 79 ribosomal proteins [4], although its

structure and components may differ throughout the life

cycle, between different tissues, or in different environ-

mental conditions [5, 6]. The mechanism of protein

synthesis comprises three distinct phases: (1) initiation; (2)

elongation, and (3) termination, with initiation being the

most tightly regulated step. The Initiation step involves the

formation of the 43S pre-initiation complex composed of

the initial Met-tRNAi, the 40S small ribosomal subunit and

the translation initiation factors eIF2, eIF1/1A and eIF3 [7].

This complex identifies and binds a modified guanine at the

50-end of the mRNA, known as m7G CAP, through the

initiation factor eIF4E, which in turn associates with the

scaffold protein eIF4G. The interaction between eIF3 and

eIF4G stabilizes the 43S pre-initiation complex that exe-

cutes scanning of the 50 untranslated region (50UTR) until
the first AUG codon is reached. Once the initiation codon

has been recognized, the GTPase activating protein eIF5

promotes the hydrolysis of eIF2-GTP, dissociating eIF2

from the 40S subunit. Finally, the 60S large subunit of the

ribosome associates to the 40S subunit, and the elongation

phase begins [8, 9]. The ribosome contains three tRNA

binding sites, called A, P and E, with the middle of them

forming the peptidyl transferase center on the large ribo-

somal subunit. When the ribosome is placed at the first

AUG codon, the P site contains the initial Met-tRNAi,

which links the AUG codon with its corresponding

methionine, whilst the A site remains empty. Thereafter, an

incoming aminoacyl-tRNA (aa-tRNA) enters the A site and

interacts with both the mRNA and rRNA. If the codon–

anticodon interaction occurs according to the rules of

Watson–Crick base-pairing, the structure becomes

stable and formation of a peptide bond is catalyzed by the

ribozyme activity of the peptidyl transferase center. Once

the peptide bond has been formed, the ribosome can

translocate one codon forward, leaving the A site empty to

receive the next incoming aa-tRNA, and the tRNA that has

already been utilized leaves the ribosome through the E site

[10]. The elongation phase is basically the repetition of this

cycle until the ribosome reaches one of three possible

STOP codons (UAA, UAG or UGA), when the termination

phase takes place. In eukaryotes, translation termination is

mediated by a release factor complex that includes the

eukaryotic release factor 1 (eRF1) and the GTPase eRF3.

eRF1 is a tRNA-shaped protein that binds to ribosomes,

exposing the STOP codon at the A site, resulting in addi-

tion of a water molecule to the peptidyl-tRNA instead of a

new amino acid, thereby terminating the elongation phase.

Concomitantly, eRF3 facilitates positioning of eRF1 into

the peptidyl transferase center in a process that requires

hydrolysis of GTP, and derives in its release from the

ribosome. After eRF3 dissociation, eRF1 remains bound to

the post-termination complex and, in cooperation with the

ABC-type ATPase ABCE1, releases the ribosomal 60S

subunit from the deacylated tRNA-mRNA-40S subunit

complex. Finally, the initiation factors eIF3, eIF1 and

eIF1A mediate dissociation of the deacetylated tRNA and

mRNA from the post-termination 40S complex [11, 12].

Regulation of translation is considered as a mechanism

faster than control of transcription. Whilst transcriptional

regulation is mostly associated with long-term changes in

cell physiology, translational regulation generally plays a

role in quick responses, typically related to homeostasis

maintenance [13], metabolic changes, memory and

synaptic plasticity among other processes [9, 14]. Although

most mechanisms that control protein synthesis target the

initiation phase of the process, the successive phases of

translation can also be tightly regulated [8, 15]. A few

years ago, advances in structural biology have opened the

possibility to study post-translational modifications (PTMs)

of ribosomal proteins in depth [16], focusing on the effects

elicited on their activity, stability, assembly or localization

at the ribosome, as well as their impact on translation rates.

These PTMs, analyzed by high-throughput techniques in

bacteria [17], yeast [18], plants [19], rat [20] and humans

[21], include removal of the initial methionine, N-terminal

acetylation, N-terminal methylation, lysine N-methylation,

methylthiolation and phosphorylation, among other modi-

fications. For example, phosphorylation of five serine

residues located at the C terminus of the small ribosomal

subunit protein S6, RPS6 (eS6, according to the new

nomenclature system of ribosomal proteins [22]) modulates

the rate of protein synthesis through a nutrient-dependent

mechanism. RPS6/eS6 is phosphorylated in conditions of

nutrient abundance, and rapidly de-phosphorylated fol-

lowing nutrient starvation [23].

Control of translation through hydroxylation

of elongation and termination factors

In the last few years, an increasing body of evidence began

to reveal a novel type of translational regulation that

involves hydroxylation of different protein synthesis

machinery components (PSMCs), including tRNAs [24,

25], elongation factors [26] translation termination factors

[27] and ribosomal proteins [28, 29] (Fig. 1). Protein

hydroxylation was initially regarded as a rare post-
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translational modification of extracellular matrix compo-

nents; nowadays, hydroxylation is considered a key

regulatory mechanism in a wide range of biological pro-

cesses [30, 31]. Hydroxylation of macromolecules is

mediated by a group of oxygenases that utilize molecular

oxygen (O2) as a co-substrate. The oxygenase family of

enzymes comprises two groups: monooxygenases and

dioxygenases. The first includes enzymes that catalyze the

transfer of one atom of O2 to the substrate, while the sec-

ond atom is reduced to water. Dioxygenases, on the other

hand, catalyze the incorporation of both oxygen atoms into

the oxidized substrate [30, 32]. Among dioxygenases, an

important subfamily is represented by 2-oxoglutarate

(2OG) and ferrous iron (Fe2?)-dependent oxygenases

(2OG-oxygenases).

Elongation factors (EFs) are regulated by several PTMs

such as phosphorylation, methylation and acetylation,

among others [14, 15]. The fast kinetics of these modifi-

cations make them suitable for orchestrating quick

adaptations to different environmental challenges that the

organism may face [33]. It has been recently reported that

some translation prokaryotic EFs, such as the elongation

factor-Tu (EF-Tu) and the elongation factor-P (EF-P)—as

well as its eukaryotic ortholog eEF1A- are subjected to

hydroxylation. EF-Tu/eEF1A binds the aminoacyl-tRNA in

a GTP-dependent manner, delivering the tRNA to the A

site of the ribosome [34]. Recent reports indicate that EF-

Tu is hydroxylated by the 2OG-dependent oxygenase

PPHD in Gram negative bacteria such as Pseudomonas

aeruginosa and Shewanella oneidensis [26, 35]. This

hydroxylation affects EF-Tu GTPase activity, although its

effect on translation is unclear.

EF-P is a highly conserved bacterial elongation factor

that mimics tRNAs in shape and size. It binds the ribosome

in a region between the P and E sites, stabilizing the ini-

tiator fMet-tRNAi, thus playing a critical role in the

formation of the first peptidic bond [36]. It is well estab-

lished that during protein synthesis, incorporation rates of

all amino acids are quantitatively similar except for pro-

line, whose incorporation rate is slower due to its unique

biochemical nature [37]. Thus, proteins containing poly-

proline sequences are subjected to ribosome stalling.

Recent reports have shown that EF-P is important for

preventing ribosome pausing at poly-proline stretches, and

consistent with this, lack of EF-P provokes a decrease in

the general amount of proteins containing poly-proline

sequences [38, 39]. To perform its function, EF-P is sub-

jected to b-lysinilation [(R)-b-lysine] at Lys34 through a

multi-step mechanism [40]. The modified lysine can then

be targeted by the hydroxylase YfcM, a monooxygenase

that catalyzes an additional hydroxylation step of this

residue [41]. Functional studies have revealed that EF-P is

not essential during translation elongation, but instead, acts

as an elongation modulator that depends on b-lysinilation
of Lys34. In fact, it has been reported that lack of Lys34 b-
lysinilation results in growth defects, antibiotic suscepti-

bility and bacterial virulence attenuation [42].

Nevertheless, hydroxylation of (R)-b-lysine seems to be

dispensable for modulation of EF-P function, as the YfcM

mutant is phenotypically normal [43]. Thus, understanding

the functional significance of this EF-P modification

requires further research.

The eukaryotic ortholog of EF-P, the eukaryotic Initia-

tion Factor 5A (eIF5A), has originally been described as an

initiation factor [44], although no essential role of this

protein in translation initiation has been assigned [45–47].

Recent studies have shown that eIF5A plays a role in

translation elongation [48] by stimulating peptidyl trans-

ferase activity and preventing ribosome stalling on poly-

proline stretches [49]. Interestingly, eIF5A presents a

unique post-translational modification: conversion of a

lysyl residue (Lys50 in humans) into hypusine. The multi-

step mechanism of hypusine biosynthesis involves the

sequential action of two enzymes, deoxyhypusine synthase

(DHS) and deoxyhypusine hydroxylase (DOHH). Whereas

DHS catalyzes reversible cleavage of spermidine and

transfers the 4-aminobutyl moiety to the e-amino group of

Lys50 to form the intermediate residue deoxyhypusine

(Dhp50), DOHH mediates the irreversible formation of

hypusine (Hyp50) by the hydroxylation of deoxyhypusine.

Whilst loss of eIF5A leads to lethality in yeast and mam-

malian models [50, 51], lack of deoxyhypusine

Fig. 1 Hydroxylation-dependent translation regulation. The diagram

shows how hydroxylases may exert translational control through

hydroxylation of different components of the translation machinery.

Ribosomal proteins are direct targets of hydroxylases both in the large

subunit (RPL16, RPL8 and RPL27) and in the small subunit (RPS23).

Some tRNAs (like tRNAPHE or tRNAGLY) are also subjected to

hydroxylation as part of the post-transcriptional modifications that

alter their interactions with the ribosome and mRNAs. Control of

translation may also be exerted through regulation of translation

factors. Both elongation factors (EF-Tu and EF-P), as well as

termination factors (eRF1) have been reported to be hydroxylated
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hydroxylation seems to affect growth and proliferation in

various organisms. For example, loss of eIF5A deoxyhy-

pusine hydroxylation causes mild growth impairment in

yeast [52], but in multicellular organisms such as Droso-

phila melanogaster, Caenorhabditis elegans or mammals,

lack of deoxyhypusine hydroxylation provokes early

embryonic lethality [53, 54]. Although the function of

eIF5A hypusine has not been defined, it is clearly an

essential modification required for tissue and organism

viability. At the termination step, it has been recently

reported that the 2OG-dependent oxygenase Jumonji

domain-containing 4 (Jmjd4) mediates hydroxylation of

the lysyl residue 63 in the eukaryotic release factor-1

(eRF1) [27, 55] in a 2OG and O2-dependent manner, being

this modification necessary for translation termination

efficiency (see below).

Hydroxylation of tRNAs

Translational regulation at the level of transfer RNAs

(tRNAs) occurs not only through regulation of the relative

availability of the specific isotypes, as previously believed,

but also through post-transcriptional modifications [56].

Whilst the first two bases of each mRNA codon form

stable Watson–Crick base pairings, the nucleotide at the

third position can bind either a purine or a pyrimidine of

the anticodon, resulting in a non-canonical base pairing

[57]. The non-standard base pairing at this position, known

as the wobble position, allows for one tRNA to recognize

different codons, lending support to the fact that 61 dif-

ferent codons occur, though only 45 different tRNA

molecules are available. For example, the Leucine tRNA

(tRNALEU GAG) binds the CUC codon in a canonical

manner and the CUU codon in a non-standard fashion [57].

Interestingly, when the nucleotide at the wobble position of

the tRNA is uridine, this nucleotide is usually modified

[58], being this modification necessary to ensure translation

accuracy [59, 60]. In eukaryotes, most wobble uridines

carry the modification 5-methoxycarbonylmethyluridine

(mcm5U), 5-carbamoylmethyluridine (ncm5U) or deriva-

tives. The glycine tRNA (tRNAGLY UCC) contains a

hydroxylated form of mcm5U, 5-methoxycarbonylhydrox-

ymethyluridine [(S)-mchm5U], being the hydroxylation

reaction catalyzed by the 2OG-dependent oxygenase

ALKBH8 [24, 61]. (S)-mchm5U was initially observed in

the tRNAGLY of the silkworm Bombyx mori, and more

recently, reported to be present in mammalian tRNAGLY as

well [62]. Although hydroxylation of mcm5U in B. mori

seems to play an important role in tRNAGLY function [63],

its precise effect on translation in mammals remains

elusive.

Interestingly, not all tRNA modifications occur at the

wobble position. In the tRNAPHE, the non-canonical

nucleoside wybutosine (yW) is required at position 37,

adjacent to the 30 end of the anticodon. This particular

nucleotide is apparently necessary for translation fidelity

[56] and for ensuring the correct reading frame [64]. A

wide range of hydroxylated yW derivatives are present in

the tRNAPHE, including hydroxywybutosine, undermodi-

fied hydroxywybutosine and peroxybutosine; the

hydroxylation reaction is catalyzed by the 2OG-dependent

oxygenase TYW5 [65]. Although we now understand the

mechanism by which TYW5 recognizes and hydroxylates

yW, the functional relevance of this modification is unclear

[25]. It has been proposed that yW hydroxylation plays a

modulatory role in maintaining the reading frame during

decoding; development of TWY5 null models is required

to shed light on its effect on protein synthesis.

Hydroxylation of ribosomal proteins

A new sub-family of 2OG-dependent oxygenases has

recently been described, and known as ribosomal oxyge-

nases (ROXs) that mediate hydroxylation of several

ribosomal proteins [28]. Interestingly, bioinformatic anal-

yses revealed that this family of 2OG-dependent

oxygenases is evolutionary conserved [66]. It has been

reported that a bacterial 2OG-dependent oxygenase named

ycfD interacts with the ribosomal protein RPL16/uL16, a

central element in the architecture of the ribosome,

resulting in hydroxylation of an arginine residue at position

81 [28]. Whereas growth rate of wild type bacteria and

ycfD mutant strains do not differ in standard conditions,

growth of ycfD mutants is reduced under starvation, which

correlates with a remarkable decrease in bulk protein

translation [28]. Two orthologs of ycfD have been identi-

fied in humans: MINA53 and NO66; both of them seem to

play central roles in control of cell proliferation and

growth. Down-regulation of either protein provokes cell

growth impairment and conversely, the two proteins have

been found over-expressed in several types of cancers [67,

68]. MINA53 interacts with and catalyzes hydroxylation of

histidine 39 of RPL27a/eL27. Interestingly, over 90 % of

endogenous RPL27a/eL27 was found hydroxylated in dif-

ferent cancer cell lines as well as in normal tissues [16, 28].

Likewise, human NO66 interacts and hydroxylates his-

tidine 216 of the large subunit ribosomal protein L8/uL2 in

an O2-dependent manner [28, 69]. In fact, more than 95 %

of endogenous RPL8/uL2 was found hydroxylated in var-

ious cell lines. A recent study shows that this hydroxylation

mediates stabilization of a protein conformation that

enables binding to the helix 93 of 28S rRNA, thereby

inducing structural rearrangements in regions localized

close to the Peptidyl Transferase Centre in the mature

ribosome [70]. Another ribosomal protein that undergoes

hydroxylation is RPS23/uS12. RPS23/uS12 hydroxylation
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is catalyzed by the 2OG- and Fe2?-dependent oxygenase

domain-containing protein 1 (OGFOD1) on a prolyl resi-

due that is conserved across species including humans [71],

Saccharomyces cerevisiae [72] and Drosophila melano-

gaster [73]. Evolutionary conservation of RPS23/uS12

hydroxylation suggests a pivotal role in protein synthesis of

this post-translational modification. Although the role that

RPS23/uS12 proline hydroxylation plays in this process is

still unclear, it has been reported that its impairment pro-

vokes defects in STOP codon recognition in yeast (see

below) [72, 74].

The scarce information available about the functional

significance of hydroxylation of PSMCs, along with an

increasing list of hydroxylation targets, turns these modifi-

cations into a promising topic of study in the field of protein

synthesis in forthcoming years. Table 1 summarizes the

most important PSMCs hitherto known to be hydroxylated,

along with the enzyme that catalyzes the reaction.

Hitherto we have summarized how hydroxylation of

different PSMCs regulates protein synthesis at several

phases of the process. A particularly interesting effect

elicited by hydroxylation of some of these components is

the above mentioned alteration of translational fidelity, in

particular STOP codon recognition. In the next sections,

we will discuss STOP codon read-through as a non-

canonical translational regulation mechanism that fine-

tunes the rate and quality of protein synthesis, and how

STOP codon recognition might be linked to stress

responses through the hydroxylation of different PSMCs.

STOP codon read-through and hydroxylation
of components of the protein synthesis machinery

Protein translation from a given mature mRNA molecule

may involve mechanisms collectively known as non-

canonical mRNA translation, which together contribute to

maximize capability of the cell to encode information.

Alternative translation mechanisms can lead to inclusion or

exclusion of different domains in the resulting polypeptide,

potentially affecting its function, subcellular localization or

stability [75–77]. Examples of these mechanisms include

the selection of alternative AUG initiation codons [78],

RNA editing [79], ribosome frameshift [80] and STOP

codon read-through [81], among others. In this section, we

will focus on STOP codon read-through, discussing aspects

of its regulation and possible physiological implications.

STOPcodon suppression or read-through is amechanismby

which ribosomes continue synthesis of the polypeptide fol-

lowing entry of a STOP codon (UAG, UGA or UAA) to the A

site of the ribosome. This phenomenon can occur when instead

of a termination factor, a near-cognate aminoacyl tRNA enters

the A site containing the STOP codon, forcing the ribosome to

ignore the termination signal. Translation therefore continues

and the C-terminal end of the polypeptide is extended until the

next STOP codon in the mRNA (Fig. 2) [82, 83].

Although STOP codon read-through occurs stochastically

at a basal level due to imperfections in the termination

mechanism with different probabilities depending on which

of the three termination codons enters the ribosome [84],

read-through mechanisms can be modulated by the presence

of different elements in cis that alter proper recognition of

the STOP codon by termination factors [85–87]. By mid

1990s, it was reported both in bacteria and mammals that the

nucleotide laying immediately after the STOP codon can

alter its read-through frequency [88]. More recently,

experiments in S. cerevisiae suggested that at least the first

six nucleotides downstream of the STOP codon are key

determinants of read-through frequency. Particularly, the

consensus sequence—CA(A/G)N(U/C/G)A—downstream

of the UAG was found to favor read-through events [89].

Other sequences affecting proper termination at STOP

codons are those that form specific secondary structures at

the 30 UTR of the mRNA. A clear example of this is the

Table 1 List of PSMCs that are subjected to hydroxylation in diverse phyletic groups

Species Oxygenase Hydroxylation substrate References

Pseudomonas aeruginosa PPHD EF-Tu Pro54 [26]

E. coli YfcM EF-P b-lysyl lysine (Lys34) [36]

Human DOHH eIF5A Deoxyhypusine [37]

Human Jmjd4 eRF1 Lys63 [27]

E. coli ycfD RPL16/uL16 Arg81 [28]

Human NO66 RPL8/uL2 His216 [28]

Human MINA53 RPL27a/eL27 His39 [28]

Human/yeast/Drosophila OGFOD1/Tpa1/Sud1 RPS23/uS12 Pro62/64 [38–40]

Human TYW5 tRNAPHE Wybutosine [41]

Human ALKH8 tRNAGL mcm5U [42]

Human Unknown tRNAARG mcm5U [42]

Hydroxylation and translational adaptation to stress: some answers… 1885

123



SECIS (cis-acting selenocysteine insertion sequence), which

is required to incorporate the uncommon amino acid

selenocysteine in replacement of a termination signal during

synthesis of selenoproteins [90, 91].

STOP codon read-through in different organisms

Although a limited amount of examples of programmed

STOP codon read-through with evident physiological roles

has been reported, the phenomenon has been described in a

large number of different organisms, both prokaryotes and

eukaryotes, as well as in viruses [76, 82, 85, 92, 93]. This

mechanism of translation regulation was originally

described in the early 1970s in a few viruses, including the

Qb bacteriophage, Tobacco Mosaic Virus, Murine Leuke-

mia Gamma retrovirus, and Murine Leukemia Gamma

retrovirus-related virus [81, 94–97]. Through this mecha-

nism, viruses generate distinct C-terminal portions of

Fig. 2 STOP codon read-

through. High translation

fidelity ensures STOP codon

recognition as such by the

release factor complex

according to the canonical

termination mechanism (left).

However, non Watson–Crick

base pairing between the UAG

codon and a tRNA containing a

near cognate anticodon could

lead to the incorporation of a

new amino acid (green) instead

of translation termination,

allowing for the synthesis of

longer polypeptides containing

a C-terminal extension (right).

This phenomenon known as

STOP codon read-through,

although infrequent, occurs at

basal levels under normal

conditions, and several works

point to the possibility that it

could be a physiological

mechanism of translation

regulation. Ongoing research is

focused on the elucidation of the

impact that the incorporation of

C-terminal additional domains

by STOP codon read-through

could have on cell physiology
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various proteins, thereby maximizing the genetic infor-

mation encoded in their small genomes.

Another example occurs in the enterotoxigenic Escher-

ichia coli CFA/II strain. Genes required in this strain for

biosynthesis and assembly of CS3 pili are clustered in a

single locus that produces a poly-cystronic mRNA that

encodes 4 proteins in tandem, whilst a fifth one (a 104 kDa

unnamed polypeptide) is encoded entirely within the same

open reading frame [98]. Interestingly, for synthesis of the

latter protein, read-through of an internal amber codon of

the transcript is required [92]. Likewise, in S. cerevisiae,

different isoforms of the high-affinity cAMP phosphodi-

esterase PDE2 display different C-terminal extensions

generated by STOP codon read-through, which bring about

extended polypeptides with a motif that targets PDE2 for

26S proteasomal degradation [76]. Also among fungi, in

Ustilago maydis, several glycolytic enzymes reside both in

the cytoplasm and in peroxisomes. It has been shown that

targeting of 3-phosphoglycerate kinase (PGK) to peroxi-

somes results from a STOP codon read-through event that

enables incorporation of a type 1 peroxisomal targeting

signal (PTS1) at the C-terminal end of the protein [77].

In D. melanogaster, programmed STOP codon read-

through occurs at an unusually high frequency in com-

parison to other species [99]. High-throughput analysis of

different Drosophila species detected more than 300 events

of C-terminal translation beyond the annotated STOP

codon, producing polypeptides with C-terminal extensions

ranging from 15 to few hundreds amino acids [86, 100].

This strongly suggests the occurrence of a widespread

regulatory mechanism that involves STOP codon read-

through in this species, whose exact nature is unclear.

Although high-throughput techniques have revealed a large

amount of genes putatively regulated by STOP codon read-

through, only a few of them have been studied experi-

mentally [101–107].

In mammals, Rabbit b-globin and rat myelin protein

zero (L-MPZ) have been the first examples of proteins

containing extended C-terminal ends produced by STOP

codon read-through; the functional significance of these

extensions is still unclear [83, 108]. Another good example

of controlled STOP codon read-through in mammals

occurs during translation of peroxisomal lactate dehydro-

genase B (LDH-B). A small proportion of the intracellular

pool of LDH-B exhibits a unique C-terminal sequence that

includes a PTS1 that drives the enzyme to peroxisomes.

Similar to the regulation of PGK subcellular localization

described above in U. maydis, the inclusion of this C-ter-

minal sequence is achieved by STOP codon read-through

[77, 93]. It has been recently reported that the synthesis of

the VEGF-Ax specific isoform of the Vascular Endothelial

Growth Factor A (VEGF-A) also seems to be synthesized

by programmed STOP codon read-through [109]. This

particular isoform includes a 22 amino acid C-Terminal

extension that depends on programmed STOP codon read-

through. The VEGF A gene contains eight exons and

multiple isoforms are generated by alternative splicing of

the sixth and seventh exons, having all these isoforms

proangiogenic activity. Interestingly, the C-terminal

extension originated in the VEGF-Ax isoform by STOP

codon read-through confers antiangiogenic activity [110].

Hydroxylation and regulation of STOP codon

read-through

As mentioned above, the eukaryotic small ribosomal sub-

unit protein-S23 (RPS23/uS12) is subjected to prolyl

hydroxylation [71–73]. In E. coli the RPS23 homologue,

RPS12/uS12, plays an important role in the decoding

process of cognate tRNAs [59, 111]. Conserved residues of

RPS12/uS12 (loop Pro45-Ser50) along with key nucleo-

tides on the helix 44 (h44) of the 16S rRNA interact with

the codon–anticodon nucleotides through several hydrogen

bonds [59, 112]. Interestingly, mutations that affect the 16S

rRNA h44 or the above mentioned loop of RPS12/uS12 can

provoke either hypersensitivity or resistance to the error-

promoting antibiotic streptomycin [113–117]. Therefore,

the structure of the decoding center determined by the S16

rRNA, RPS12/uS12 and the codon–anticodon base pairing

is a key determinant of translational fidelity.

Structural analysis suggests that the particular hydrox-

ylable prolyl residue of RPS23/RPS12/uS12 lays at the

apex of a loop that projects into the core of the ribosomal

decoding centre [118]. Interestingly, in S. cerevisiae, lack

of RPS23/uS12 hydroxylation can either increase or

decrease STOP codon read-through, depending on the first

nucleotide after the codon [72, 89, 119]. On the same line,

it has been previously shown that different substitution

variants of the hydroxylable proline or nearby amino acids

provoke different translation accuracy defects [60, 72,

116]. Consistent with this, structural analysis carried out in

bacteria indicated that the hydroxylated proline of RPS12/

uS12 interacts directly with the phosphate backbone of the

mRNA between the third base of each codon and the fol-

lowing nucleotide [120]. More recently it has been

suggested that the hydroxyl group of the proline forms an

hydrogen bond with the codon, which leads to stabilization

of this interaction [121]. It has been speculated that a non-

hydroxylated proline would have been instead involved in

van der Waals contacts with the codon, resulting in

decreased binding energy of the ribosome with the mRNA,

thereby affecting translational fidelity [121].

We have also mentioned above that the 2OG-dependent

oxygenase Jmjd4 mediates O2 and 2OG-dependent

hydroxylation of lysine 63 of the translation termination

factor eRF1 [27]. Different activities have been assigned to
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the three domains of eRF1: Domain 1 decodes STOP

codons, Domain 2 facilitates peptidyl-tRNA hydrolysis,

and Domain 3 recruits the eukaryotic release factor 3

(eRF3) [122]. Cryoelectron microscopy-based structural

analysis of the ribosome in a complex with eRF1 and eRF3

shows that eRF1 domain 1 localizes deep into the decoding

center of the 40S small ribosomal subunit, demonstrating a

role of this termination factor in termination accuracy [55].

It has been proposed that the eRF1 domain 1 ensures STOP

codon recognition through three highly conserved motifs,

GTX, YXCXXXF and NIKS, which interact with STOP

codons [123, 124], being NIKS the motif that contains the

hydroxylable lysine. K63 in the NIKS motif makes contact

with the first uridine of this codon [125]. As mentioned

above, K63 is hydroxylated by Jmjd4, and the addition of

this hydroxyl group allows for the formation of an addi-

tional hydrogen bond between the release factor and the

STOP codon, thereby boosting STOP codon recognition

[27, 125]. Knock-down of Jmjd4 in HEK293T cells pro-

vokes clear reduction of eRF1 K63 hydroxylation,

affecting STOP codon read-through [27]. The physiologi-

cal impact of read-through regulation mediated by eRF1

hydroxylation is so far unclear.

Stress responses and STOP codon read-through

Translational regulation under stress

Cells exposed to stress activate an integrated response that

reshapes cell metabolism by diverting anabolic energy to

the repair of stress-induced molecular damage. Thus,

PSMCs constitute major targets of this stress response,

allowing for dynamic reprogramming of protein synthesis

[126]. Although all three phases of translation are subjected

to stress regulation, many stress-activated signaling path-

ways target the initiation step. One of the most studied

stress-induced inhibitory mechanisms is phosphorylation of

the initiation factor eIF2a, which impairs assembly of the

pre-initiation complex. Noteworthy, several stressors lead

to eIF2a phosphorylation through activation of different

kinases. Whilst nutrient deprivation elicits activation of the

general control nonderepressible 2 (GCN2) kinase, viral

infections lead to activation of protein kinase RNA acti-

vated (PKR). ROS generation in turn are known to activate

the heme-regulated inhibitor kinase (HRI), whereas accu-

mulation of misfolded proteins in the endoplasmic

reticulum activates the protein kinase RNA-like endoplas-

mic reticulum (PERK) as part of the unfolded protein

response (UPR) [127]. Translation inhibition through

eIF2a phosphorylation provokes accumulation of messen-

ger ribonucleoprotein particles (mRNPs) that contain non-

translated mRNAs and aggregation-prone proteins (like

TIA-1 or TIAR) that promote stress granules (SGs) for-

mation. Thus, SGs drive incoming mRNAs to storage or

decay, which has central importance for the cells to cope

with the toxic effects of stress [128, 129].

The mammalian target of rapamycin complex 1

(mTORC1) regulates CAP-dependent protein translation

through the phosphorylation of eIF4E-binding proteins

(4E-BPs). Under conditions of nutrient abundance 4E-BPs

are inhibited through mTORC1-dependent phosphoryla-

tion, enabling eIF4E to interact with the rest of the

initiation complex. Under stress conditions, such as nutri-

ent deprivation, hypoxia, metabolic stress, osmotic stress,

DNA damage or heat shock, mTORC1 activity is inhibited,

resulting in 4E-BP hypophosphorylation. Hypophosphory-

lated 4E-BP becomes active, binds eIF4E, and inhibits

CAP-dependent protein synthesis [130]. Another important

mechanism of mTORC1-dependent regulation of protein

synthesis involves phosphorylation of the ribosomal kinase

S6K1/S6K2, which in turn mediates phosphorylation of

several effectors, that promote protein translation [130,

131]. Also in this case, stress-dependent inhibition of

mTORC1 results in S6K1/S6K2 hypophosphorylation and

in turn, in inhibition of protein synthesis. mTORC1 not

only controls protein synthesis at the initiation step, but

also modulates elongation. In conditions of nutrient abun-

dance, mTORC1 phosphorylates and inactivates the

eukaryotic elongation factor 2 kinase (eEF2K), which

under stress conditions phosphorylates and inhibits

translocation activity of the elongation factor eEF2 [132].

Thus, when nutrients are available, eEF2 is hypophos-

phorylated and active, while under starvation eEF2K

phosphorylates and inhibits eEF2, thereby inhibiting pro-

tein synthesis at the elongation step [132].

A less explored but equally exciting mechanism of

stress-dependent translational modulation is RNA hyper-

edition. RNA editing is a phenomenon commonly associ-

ated with host defense responses against RNA-based

viruses, consisting on the conversion of cytosine to uridine,

or adenosine to inosine [133]. Adenosine deaminase, the

enzyme responsible for adenosine to inosine conversion, is

induced by nutrient deprivation and promotes SGs forma-

tion leading in turn to general translation inhibition [134].

Does STOP codon read-through contribute

to triggering stress responses?

Experimental evidence from S. cerevisiae revealed that

STOP codon read-through frequency is not only increased

under stress conditions, but also, that genetic enhancement

of read-through is enough to account for phenotypes

resistant to stress. It has therefore been suggested that

STOP codon read-through represents a general mechanism

of translational regulation in response to stress [135–137].
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Although more experimental data are required to evaluate

to what extent this is indeed a widespread mechanism,

available evidence suggests that normal STOP codon

recognition is impaired under stress, and the resulting

C-terminal extended proteins may in turn contribute to

triggering an integrated stress response (Fig. 3). In this

regard, Ribo-seq analysis of H2O2 treated S. cerevisiae

cultures has revealed increased frequency of STOP codon

read-through, as compared with cultures grown in control

conditions [135]. This increase in STOP codon read-

through frequency seems to be physiologically relevant for

the response orchestrated by the cell to cope with oxidative

stress. For example, STOP codon read-through, promoted

by specific isoforms of the Sup35 subunit of the translation

termination complex, plays a role in responses to heat

shock, oxidative and chemical stress in yeast [138–140].

Noteworthy, these isoforms of Sup35 that promote STOP

codon read-through include, at their N terminus, an

intrinsically disordered prion-determining region named

[PSI?], and [PSI?] prion formation is induced by oxidative

stress. Strikingly, [PSI?] strains are clearly more resistant

to heat shock and chemical stressors than strains unable to

produce this prion [139], and consistent with this, cells

unable to form prions are hypersensitive to H2O2 [138].

When termination fidelity was genetically enhanced in

[PSI?] strains, these strains show increased susceptibility

to stressors, mimicking cells unable to form prions [140].

Thus, at least in this case, STOP codon read-through is part

of an integrated response to stress required to cope with

unfavorable conditions.

Conclusions and perspectives

Hydroxylation of DNA, RNA, proteins or small molecules

is known to regulate various biological processes including

transcription, alternative splicing and hypoxia sensing,

among others. Throughout this review, we have summa-

rized hydroxylation of components of the protein synthesis

machinery, discussing the role that this modification might

play in mRNA translation. We have highlighted the fact

that variations in the hydroxylation status of PSMCs might

regulate protein synthesis, constituting an emerging

mechanism of physiologically relevant translational regu-

lation. Lack of hydroxylation of certain PSMCs leads to

activation of STOP codon read-through, and in certain

cases, activation of STOP codon read-through can enhance

cell adaptation to stress. Thus, it would be interesting to

test at the molecular level if inclusion of alternative

C-terminal domains of proteins by STOP codon read-

through leads in fact to synthesis of protein isoforms that

contribute to cell responses to stress.

It is well documented that inhibition of hydroxylation of

the transcription factor HIF-a is crucial to activate the

transcriptional response to hypoxia [141–146]. In this

mechanism, reduction of hydroxylase activity by O2

deprivation is the central event of stress sensing. An

attractive possibility is that environmentally controlled

2OG-dependent oxygenase activity might induce stress

resistance by modifying the hydroxylation status of

PSMCs, in a similar fashion in which PSI? formation,

enhanced by stress, favors stress adaptive response through

STOP codon read-through activation. Although the bio-

logical relevance of STOP codon read-through in cellular

physiology is only beginning to emerge, it seems that this

mechanism of translation regulation might be important for

adaptation to stress. Roughly, a third of all reported genetic

disorders derive from premature STOP codon [147, 148].

One can figure that deep understanding of mechanisms

controlling STOP codon read-through could lead to

development of novel therapies to deal with such

pathologies.
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