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Abstract

In all organisms the universal process of protein synthesis is performed by the ribosome, a 

complex multi-component assembly composed of RNA and protein elements. Although ribosome 

heterogeneity was observed already more than 40 years ago, the ribosome is still traditionally 

viewed as an unchangeable entity that has to be equipped with all ribosomal components and 

translation factors in order to precisely accomplish all steps in protein synthesis. In the recent 

years this concept was challenged by several studies highlighting a broad variation in the 

composition of the translational machinery in response to environmental signals, which leads to its 

adaptation and functional specialization. Here, we summarize recent reports on the variability of 

the protein synthesis apparatus in diverse organisms and discuss the multiple mechanisms and 

possibilities that can lead to functional ribosome heterogeneity. Collectively, these results indicate 

that all cells are equipped with a remarkable toolbox to fine tune gene expression at the level of 

translation and emphasize the physiological importance of ribosome heterogeneity for the 

immediate implementation of environmental information.
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1 Introduction

According to the central dogma of molecular biology, in all living cells the genetic 

information is stored at the level of DNA and transcribed into messenger RNA (mRNA), 

which subsequently serves as a template for the translation of the encoded information into 

the amino acid sequence of proteins. This latter step is performed by the ribosome, a 

sophisticated cellular machinery composed of RNA and protein elements. In order to allow 

all organisms to respond and adapt protein synthesis to environmental cues, the coordinated 

regulation of gene expression is crucial to ensure the establishment of a productive 
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metabolic network. Hitherto, the main scientific focus in the regulation of gene expression 

has been directed on the alteration of the transcriptional program. Thus, the role of 

adjustment at the translational level has been underestimated. However, in the past decades, 

this perception changed dramatically and it became widely accepted that mRNA levels do 

not necessarily correspond to the amount of proteins being made. Together, these 

observations implicate a profound regulation at the post-transcriptional level, which has 

mostly been attributed to features intrinsic to the mRNA or a variety of non-ribosomal 

protein and RNA factors that modulate diverse steps in protein synthesis like small RNAs, 

mRNA binding proteins, and cis- or trans-acting regulators [1,2]. However, still it was 

generally believed that the assembly of all ribosomal components is required and mandatory 

for the process of protein synthesis.

In striking contrast to this perception, in the recent years several lines of evidence strongly 

underpin the notion that the ribosome as well as genuine translation factors are likewise key 

players in post-transcriptional regulation. In this review we will focus on the intrinsic 

alteration of the translational program by the formation of distinct ribosomal subpopulations 

that differ in their protein or RNA complement, or which are equipped with differentially 

modified translation factors. Collectively, these results strongly underline the great potential 

of the translational machinery to serve as a hub for signal integration at the post-

transcriptional level in a variety of different organisms.

2 Translation in pro- and eukaryotes

The ribosome is a highly conserved molecular machinery. In all organisms it is composed of 

two unequal subunits, which consist of a distinct set of ribosomal RNA (rRNA) and 

ribosomal protein (RP) components and perform a specific function during translation, as 

outlined below. The ribosome harbors three different tRNA binding sites: The A-site, where 

decoding occurs and the correct aminoacyl-tRNA (aa-tRNA) is selected on the basis of the 

mRNA codon displayed, the P-site, which carries the peptidyl-tRNA, and the E-site, which 

binds exclusively deacetylated tRNAs that are exiting the ribosome [3]. Thus, during 

translation the tRNA moves from the A-site through the P- and E-site, where it leaves the 

ribosome [4]. Conceptionally, the complexity of the ribosome structure is reflected in the 

process of protein synthesis, which can be intersected into three major steps: initiation, 

elongation and termination/recycling.

In prokaryotic translation initiation, the small ribosomal (30S) subunit binds the mRNA via 
direct interaction between the anti-Shine-Dalgarno (aSD) sequence located at the 3’-

terminus of the 16S rRNA and the Shine-Dalgarno (SD) sequence in the 5’-untranslated 

region (5’-UTR) closely upstream of the start codon of the mRNA. The initiator tRNA fMet-

tRNAfMet (tRNAi) is recruited by initiation factor 2 (IF2) to the ribosomal P-site where it 

interacts with the start codon, thus forming the 30S pre-initiation complex (PIC). The 

accuracy of the codon–anticodon recognition is controlled by IF3, while IF1 stimulates the 

activity of IF2. Subsequently, the large (50S) ribosomal subunit joins the PIC to result in the 

70S initiation complex (IC) [5]. Interestingly, the exact chronological order of the PIC 

assembly is still a matter of debate and seems not to be strictly determined.
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Contrary, eukaryotic translation initiation is mediated primarily via protein–protein 

interactions. First, the tRNAi is recruited to the small ribosomal subunit (40S) to form a 

ternary complex (TC) with the GTP-bound eukaryotic initiation factor 2 (eIF2) [6]. 

Formation of this 43S pre-initiation complex (PIC) is strongly enhanced by additional 

factors, such as eIF3 [7]. In contrast to the bacterial translation initiation complex, which is 

assembled directly at internal ribosome binding sites, the 43S PIC generally binds to the 

capped 5’-end of a eukaryotic mRNA and scans along the transcript in 5’–3’-direction until 

it encounters a start codon [8]. After recognition of the start codon, the large ribosomal 

subunit (60S) assembles to form the 80S initiation complex, which is ready for elongation. 

The diverse phases are assisted by 12 eIFs and additional auxiliary factors [6,9]. 

Alternatively, under distinct conditions or on certain transcripts internal initiation can occur 

in a cap-independent manner at so called internal ribosome entry sites (IRES) [10].

The step of translation elongation is well conserved in pro- and eukaryotes [11]. The aa-

tRNA is recruited to the ribosome by elongation factor Tu (EF-Tu) in prokaryotes, or the 

ortholog eEF1A in eukaryotes. Subsequently, the growing peptide chain is transferred to the 

newly bound aa-tRNA in the peptidyl-transferase center (PTC) that is exclusively formed by 

rRNA of the large subunit. Then the ribosome translocates one codon downstream on the 

mRNA assisted by the orthologs EF-G and eEF2 in prokaryotes and eukaryotes, respectively 

[12,13]. When the elongating ribosome encounters a stop codon in its A-site, termination 

and recycling are initiated. In bacteria, either release factor 1 (RF1) or RF2 recognizes the 

stop codon and triggers hydrolysis of the ester-bond in the peptidyl-tRNA situated in the P-

site resulting in the release of the synthesized polypeptide chain from the ribosome. Next, 

RF3 stimulates the rapid dissociation of RF1 or RF2 from the ribosome [14]. In eukaryotes 

the structurally different proteins eRF1 and eRF3 trigger these reactions [15]. The two 

subunits and the mRNA of the post-termination complex are then disassembled with the help 

of the ribosome recycling factor (RRF) together with IF3 in prokaryotes. In eukaryotes, 

where no such factor exists, the recycling process is more complex and involves the ATPase 

ABCE1 [16].

3 Heterogeneity of the translation machinery

As translation initiation is the rate-limiting step in protein synthesis, it is therefore the 

predominant target for regulation. As mentioned above, hitherto translational regulation was 

attributed to cis- and trans-acting non-ribosomal RNA and protein factors, which modulate 

the accessibility of the SD-sequence for the SD-aSD interaction in prokaryotes [17]. In 

eukaryotes, protein- or micro RNA (miRNA)-mediated translation regulation is more 

commonly involving the 3′-UTRs of mRNAs [9]. Additionally, mRNA structures like the 

5′-cap, the 3′-poly(A)-tail, IRESs and upstream open reading frames (uORFs) play crucial 

roles in eukaryotic translation regulation [18].

In contrast to these regulatory mechanisms mediated by extraribosomal factors, in this 

review we will summarize and discuss the current scientific understanding concerning the 

functional heterogeneity of the translational apparatus, a concept that is considered to 

represent an accessory layer of gene expression regulation. We aim to emphasize that the 

translation machinery, built of the ribosome itself but also involving the essential factors that 
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assist in the translation process, is not an inevitably unchangeable entity. In the recent years, 

a paradigm shift has taken place with increasing evidence that the ribosome is not one 

determined complex, but that its components can be altered resulting in translational fine-

tuning to follow changing cellular needs.

Ribosome heterogeneity has been observed already in the 1970s, where ribosomes purified 

from bacteria grown under different conditions were shown to lack certain RPs without 

losing their translational functions [19–21]. However, these observations have been 

neglected for a long time and the term ‘ribosome heterogeneity’ has not been established in 

the scientific community (Fig. 1). Over the years, many studies performed in eukaryotes 

presented evidence that ribosomes can vary in their protein and rRNA complement between 

different cell types and developmental states. These observations culminated in the 

postulation of the ‘ribosome filter hypothesis’ by Mauro and Edelman in the year 2002 [22]. 

The authors propose that the ribosome composition functions as translation determination 

factor. Depending on the RPs and rRNA sequences represented in the respective ribosome, 

the complex acts like a filter that selects for specific mRNAs and hence modulates 

translation [22,23]. A few years later, the Silver lab reported that different RP paralogs are 

functionally distinct and contribute to translational selectivity in Saccharomyces cerevisiae 
[24], which led to the proposal of the ‘ribosome code’, analogous to the ‘histone code’ that 

affects transcription. Subsequently, this theory that goes in line with the ribosome filter 

hypothesis was extended to the formation of specialized ribosomes via the incorporation of 

different forms or modifications of rRNA, or by post-translational modifications of RPs that 

allow regulated translation of specific mRNAs.

In the following chapters we aim to give a brief update on the recent progress in 

understanding functional heterogeneity of the translational machinery. Due to its complex 

nature there are different routes for potential modifications: on the ribosome itself, affecting 

either the rRNA or the RPs; via alteration of translation factors; or via modification of 

tRNAs (Fig. 2). Moreover, all components of the translation machinery can additionally 

have ancillary functions in non-translational processes.

3.1 Variation in the ribosomal protein complement

3.1.1 Stoichiometry of ribosomal proteins on the ribosome—The simplest way 

to modify a multi-subunit assembly is to alter the relative abundance of its individual 

components. Since the rRNA molecules are functionally indispensable for the active 

translation machinery, the RPs pose the sole ribosomal building blocks whose abundance on 

the complex can possibly be adapted. One mechanism to alter the RP complement is the 

differential expression of the respective genes. Previously, it was accepted that ribosomal 

proteins are produced in a coordinated manner to ensure that each ribosome contains a full 

complement of all components, which was considered to be mandatory for correct protein 

synthesis. However, this assumption was challenged by multiple observations that under 

distinct conditions as well as in diverse cell types some RPs are present in substoichiometric 

amounts on the ribosomes [21,25,26], indicative for an alteration of the translational activity 

and specificity by a heterogeneous RP complement. This notion is supported by the 

observed replacement of damaged RPs on Escherichia coli ribosomes that results in the 
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repair of the multicomponent complex [27]. This phenomenon points towards the possibility 

to specifically re-equip the heterogeneous protein-depleted ribosomes.

In prokaryotes, the ribosomal protein complement was shown to differ with respect to the 

encountered environmental conditions or the growth phase [19–21,26,28]. Furthermore, 

antibiotic treatment can be added to the list of factors modifying the RP complement. In E. 
coli, the ribosome targeting antibiotic Kasugamycin was shown to mediate the formation of 

a specific ribosomal subclass, the so-called 61S ribosomes that lack the RPs S1, S2, S6, S12, 

S18, and S21 [29]. Due to the lack of protein S1 that is essential for translation initiation on 

canonical mRNAs [30] but is dispensable for translation of leaderless mRNAs (lmRNAs) 

harboring a 5’-terminal start codon [31], the 61S ribosomes are likewise selective for 

lmRNAs [29]. These findings tempted us to formulate a hypothesis that the presence or 

absence of a specific RP can modulate the translatome. In this context, the specific 

translation initiation on lmRNAs by a ribosomal subpopulation lacking protein S1 might 

pose a significant contribution to the post-transcriptional regulation in bacteria. This concept 

is further supported by findings that suggest the presence of ribosomes lacking S1 even 

under relaxed growth conditions [32]. Moreover, the relatively small boundary between 

protein S1 and the ribosome, which was recently determined at atomic resolution [33], opens 

the potential to modulate the affinity of protein S1 for the ribosome by post-translational 

protein modification.

A heterogeneous RP content as a means to remodel the translatome is not limited to 

prokaryotes. Already in the 1980s, work performed in Dictyostelium discoideum suggested 

that different sets of RPs assembled to the ribosome result in an alteration of the 

translational specificity [25]. This study indicates that the protein complement of ribosomes 

from vegetative amoeboid cells substantially differs when compared to the RPs present on 

ribosomes derived from spores. Besides the developmental stage, cell type dependent 

variations in the synthesis of several RPs have been reported in six different human tissues 

and several regions of the mouse embryo [34,35], which might likewise affect the 

composition of the ribosome. However, analyses of a selection of RNA sequencing data 

obtained from various organisms with a major focus on mammalian tissues and cell lines 

showed that the molar ratios of 80%–90% of RP transcripts vary less than threefold with 

little tissue specificity [36]. These results suggest that a post-transcriptional mechanism is 

required for the regulation of the expression of RP-coding genes either affecting mRNA 

translation or stability.

Nevertheless, several studies underline the presence of this regulatory pathway in 

eukaryotes, exemplified by the observation that overexpression of the parkin gene in a 

human cell line leads to a specific decrease in abundance of protein RPSA [37]. The 

observed down-regulation of RPSA in response to parkin gene expression may explain 

Parkin’s proposed tumor suppressor activity, since RPSA was implicated in being enriched 

in cancer tissues and is considered to promote tumor progression via an unknown 

mechanism [38,39]. Along the same lines, the expression of the oncogene v-erbA in chicken 

erythrocytic progenitor cells was shown to affect the transcription of specific RP encoding 

genes and hence results in the formation of heterogeneous ribosomes that lack RPL11 [40]. 

Interestingly, proteomic analysis revealed that consequently the abundance of nine proteins 

Sauert et al. Page 5

Biochimie. Author manuscript; available in PMC 2016 July 01.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



was altered, suggesting that the modulation of the ribosome composition results in an 

alteration of the translatome. Moreover, it has been shown that in contrast to bulk mRNA 

translation the vesicular stomatitis virus specific cap-dependent translation requires RpL40 

[41]. This study again exemplifies that the absence of certain RPs can have a very specific 

impact on translational properties. Collectively, the functional specialization of ribosomes by 

the alteration of their protein complement can be found in all domains of life. However, it is 

important to note that some results require a careful interpretation as they are based on the 

analysis of whole cell protein content, which does not necessarily reflect the actual ribosome 

composition and may neglect the fraction of free RPs. This is particularly relevant since 

described phenotypes can be likewise attributed to extra-ribosomal functions of RPs, which 

were reviewed in detail by Warner and McIntosh [42].

3.1.2 Alternative or paralogous ribosomal proteins—Several studies describing 

ribosome heterogeneity discuss the model of employing alternative RPs. This hypothesis is 

strengthened by the fact that many different prokaryotes and eukaryotes harbor multiple 

paralogs of RP coding genes [24,43,44], which are synthesized simultaneously or in 

response to certain environmental conditions [44]. In the Gram-positive soil bacterium 

Bacillus subtilis for example, the genes encoding ribosomal proteins L31 and S14 are 

duplicated, and the respective RP paralogs differ in the presence of a zinc-binding motif 

[45]. The authors hypothesize that incorporation of the protein variants into the ribosome is 

zinc-dependent. During zinc limitation, the zinc-bound variant is functionally replaced by 

the zinc-independent paralog. However, since hitherto no alteration of the translational 

specificity was described upon protein exchange, this mechanism could solely contribute to 

zinc storage and its mobilization under zinc-limiting conditions.

In yeast approximately 70% of all duplicated RP genes are asymmetrically expressed [44], 

potentially implying that the paralogous proteins are not merely functionally equivalent 

substitutes. Komili and co-workers underscored this hypothesis by reporting that the 

translation of localized mRNAs in S. cerevisiae is affected in a paralog-specific manner [24]. 

Besides, the analysis of cells lacking specific RP paralogs indicated functional differences 

between the paralogs that extend beyond mRNA localization [24]. Alongside, diploid yeast 

strains deficient in one or the other copy of RP genes, harbored distinct populations of 

specialized ribosomes with individual translational properties [46]. Interestingly, in S. 
cerevisiae, the ribosomal stalk protein paralogs P1a, P1b, P2a and P2b, form two 

heterodimers that preferentially bind to sites A and B of the P0 protein, respectively [47]. 

Each of the four possible P1/P2 combinations results in a specific phenotype indicating that 

they perform non-identical physiological roles. Moreover, the absence of one heterodimer 

reduced cell growth and hindered the synthesis of the 60S ribosomal subunit [47].

An exceptional example for the presence of RP paralogs are plants. In Arabidopsis thaliana, 
each ribosomal protein is encoded by two to seven genes [48], and recently 429 genes 

coding for potential RPs have been identified [49]. Many paralogs display sequence 

variations and are differentially expressed during development [50,51]. In addition, nearly 

half of the RPs identified in a proteomic approach are represented by two or more distinct 

spots in 2D gel analyses indicating different protein isoforms that are post-translationally 

modified [52]. In the same model organism, Zsögön and co-workers report that the levels of 
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the two RPL27a paralogs with redundant function, RPL27aC and RPL27aB, influence the 

ovule development [53]. The reduction of the expression levels of one or the other has a 

distinct effect on fertility revealing a function of RPL27a in the coordination of ovule 

development.

Most genes coding for ribosomal proteins in mammals are represented in a single copy, with 

a few exceptions like RPS4 [54] or RPL39l [55], which was found to be highly expressed in 

differentiating mouse embryonic stem cells. Interestingly, the enrichment of RPL39l has 

been observed likewise in human hepatocellular carcinoma tumor (HCC) cells and cancer 

cell lines with high tumor grading and alpha-fetoprotein levels [55]. Moreover, the 

expression pattern of all RPs and their paralogs in mouse was tested across 22 different 

tissues indicating a high level of tissue-specific expression [55]. This finding goes in line 

with a proteomic survey of ribosomes in Mus musculus, revealing the testis-specific 

synthesis of the proteins RPL10-like and RPL39-like [56], which are paralogs of the X-

linked ribosomal proteins RPL10 and RPL39, respectively. The same laboratory recently 

identified a new paralog of X-linked RPS4 [57]. They show that the autosomal, intronless 

gene was expressed predominantly in testis similar to RPL10-like and RPL39-like. However, 

in contrast to the paralog RPL10-like, the RPS4 paralog shows a partially different 

expression pattern in spermatogenic cells [57].

3.1.3 Ribosomal protein modifications—An alternative mechanism to alter the 

properties of the translational machinery is the modification of ribosomal components 

incorporated in the mature and active ribosome. Considering the energy demanding 

processes of de novo synthesis and assembly of alternative RPs to ribosomes, this 

mechanism might constitute a direct and energy effective option of adaptation.

In prokaryotes, comparative proteome analysis revealed the differential acetylation and 

phosphorylation of several RPs in the exponential or stationary growth phase [58,59]. 

Interestingly, the interaction of proteins L7/L12 with the ribosome is likewise affected by a 

growth phase dependent acetylation [60]. During stationary phase or growth in minimal 

medium the N-terminal acetylated protein L7 is the predominant form on the ribosome, 

resulting in stabilization of the ribosomal stalk complex during adverse conditions. Together, 

these findings strongly underscore the idea that protein modification might provide a 

powerful mechanism to fine tune protein synthesis. Nevertheless, no direct functional 

specialization has been attributed to RP modification in bacteria so far.

Correspondingly, methylation, acetylation, and hydroxylation of RPs were observed in yeast 

[61]. Some of these substitutions were found to appear in a growth phase dependent manner, 

for example the proteins RPS1B and RPS2 [62]. Interestingly, the dimethylation of protein 

RPS2 plays an additional role in processing and nuclear export of rRNA [63], and the 

hydroxylation of protein RPS23 was shown to affect translational accuracy in a stop codon 

context-dependent manner and determines the viability as a consequence of nonsense codon 

suppression under certain conditions [64]. Another example for ribosome heterogeneity 

based on RP modification was described by Ramagopal already in 1991, when differential 

ribosomal protein phosphorylation and methylation patterns were identified in ribosomes 
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from different phases of the D. discoideum lifecycle [65]. This modulation is considered to 

facilitate the unique translational needs of the cell during the respective life phase.

Again, an exceptional high number of modifications in RPs was determined in plants. In A. 
thaliana, 23 of the 80 RP families were shown to contain at least one covalent modification 

that represent potential differential modification sites [66]. Moreover, UV-B exposure and 

the associated ribosome damage was described to lead to an increase of de novo synthesis of 

some RPs and phosphorylation of RPS6 and an S6 kinase in Zea mays leaves [67]. A similar 

response to UV-B light exposure was described for mammalian cells [68], making it 

tempting to envisage that ribosome damage induces a feedback-loop, which favors RP 

mRNA translation for de novo ribosome biogenesis in order to replace damaged ribosomes. 

This hypothesis is strengthened by recent observations that the expression of genes encoding 

mitoribosomal proteins in A. thaliana respond to the silencing of the mitochondrial gene 

encoding protein RPL10 [69]. This specific gene silencing leads to the formation of unstable 

small ribosomal subunits and consequently to a misbalance between the ribosomal subunits. 

Notably, these misregulated ribosomes display a translational selectivity as they 

preferentially translate mRNAs coding for mitochondrial RPs.

3.2 Heterogeneity in the rRNA

3.2.1 Alternative rRNA—The concept, that incorporation of alternative rRNA 

molecules into ribosomes might change the specificity of the translational machinery in 

response to external signals, was strengthened by the presence of multiple rRNA gene (rrn) 

copies in the genomes of a variety of organisms in all domains of life. The Streptomyces 
coelicolor genome harbors for example six copies of divergent large subunit (LSU) rRNA 

genes that constitute five LSU rRNA species in a cell, which are differentially transcribed 

during the morphological development [70]. Similarly, B. subtilis harbors ten rrn operons 

and their reduction to one copy increased the doubling time as well as the sporulation 

frequency and the motility [71]. Notably, mutants that carried different combinations of two 

rrn operons revealed a wide range of growth rates and sporulation frequencies, indicating 

distinct functional roles for all rrn operons.

An alternative mechanism for the adaptation of the translational machinery to environmental 

conditions has been shown for the halophilic archaeon Haloarcula marismortui, which 

harbors three rRNA operons [72]. Here, the rrnB operon, which is GC-rich in contrast to the 

rrnA and rrnC operons, is selectively transcribed at high temperatures. By this means, heat-

stable ribosomes are generated during temperature stress. However, no specific functional 

differences can be attributed to the presence of the specific rRNA variants.

The parasite Plasmodium berghei has two structurally distinct genes that code for 

cytoplasmatic small subunit (SSU) rRNAs [73]. The expression of one rRNA gene was 

almost exclusively found when living in the mosquito host, while the alternative transcript 

arises when the parasite infects the mammalian host, becoming the predominant SSU rRNA 

species. Interestingly, no structural differences between the ribosomes containing one or the 

other rRNA were detected and parasites lacking the mosquito specific rRNA gene were able 

to complete their development in both hosts, declining the hypothesis of functionally distinct 

ribosome subspecies and rather indicating a dose dependent role for the prevalence of two 
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distinct rRNA genes [74]. Similarly, the sea urchin Paracentrotus lividus harbors three 

different 5S rRNA clusters, the transcription of which leads to several 5S rRNA variants that 

are incorporated in functional ribosomes resulting in a high heterogeneity in animal 

ribosomes [75].

3.2.2 Modification of rRNA—The rRNA is heavily modified in particular at 

functionally relevant positions, mainly by 2-hydroxyl methylation and the conversion of 

uridine to pseudouridine [76]. In general, these modifications occur during rRNA maturation 

in the process of riboneogenesis, and are considered as check points during ribosome 

assembly. In eukaryotes, the modifications are facilitated by snoRNAs and their tissue 

specific expression might be a source for ribosome specialization [77]. Recently, a new 

method was established to determine pseudouridinylated positions in RNA using next 

generation sequencing that allows to test whether specific sites in rRNA are differently 

modified in response to environmental cues representing translational adaptation [78,79]. 

Nevertheless, Yoon and co-workers already showed that altering the pseudouridylation-state 

of rRNA affects translation and moreover, that reduced rRNA pseudouridylation led to a 

pathological syndrome and deficiencies in IRES-dependent translation [80]. However, the 

next generation sequencing based methodology allows to globally identify functional 

heterogeneity mediated by alternative pseudouridylation.

In contrast to the above mentioned modifications that occur during assembly, an intriguing 

mechanism of rRNA processing occurs on already translationally active ribosomes in E. coli 
[81]. When E. coli cells encounter stress conditions, the endoribonuclease MazF, the toxin 

component of the toxin–antitoxin module mazEF, becomes activated [82]. Subsequently, 

MazF targets the 16S rRNA within 30S ribosomal subunits at the decoding center, thereby 

removing the 3′-terminal 43 nucleotides [81]. As this region comprises the aSD sequence 

that is required for translation initiation on canonical mRNAs, a subpopulation of ribosomes 

is engendered that selectively translates lmRNAs both in vivo and in vitro. Concomitantly, 

MazF generates lmRNAs by removing the 5′-UTRs of distinct transcripts. Collectively, the 

translational program is remodeled in response to stressful conditions [81].

Considering that rRNA interacts with a variety of different proteins, it is obvious that rRNA 

modifications have the potential to modulate the respective affinities and consequently alter 

ribosomal properties. The erythromycin resistance methyltransferases (Erm), for example, 

dimethylate nucleotide A2058 in the LSU rRNA [83,84]. Despite conferring resistance to 

macrolide antibiotics, this modification reduces cell fitness, as it mediates abnormal 

interactions of the nascent peptide with the modified rRNA in the peptide exit tunnel. These 

findings depict the two-edged nature of this ribosome modification and explain the necessity 

why erm genes have evolved to be inducible [83].

In S. cerevisiae, a variation in ribose methylation was described within the 18S rRNA. 32% 

of molecules incorporated in ribosomes are not methylated at 2′-O-ribose of the A100 

residue, however, both 40S ribosomal subunits, with and without Am100, participate in 

translation [85]. A different study showed a more severe impact of the lack of an rRNA 

modification. Ribosomes isolated from a yeast strain, which harbors a catalytically impaired 

rRNA pseudouridine synthase, display decreased affinities for tRNAs as well as for the 
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cricket paralysis virus IRES [86]. In general, these ribosomes reveal a decreased 

translational fidelity and IRES-dependent translational initiation [86].

3.3 Heterogeneity of translation factors

As protein synthesis is assisted by several genuine translation factors, it is obvious to 

envision regulatory mechanisms by virtue of modified translation factors. In this chapter we 

want to summarize and discuss heterogeneity within translation factors and their possible 

impacts on translation regulation.

3.3.1 Prokaryotic initiation factors—In bacteria, there is ample evidence that the ratio 

between the individual IFs and the ribosomes play crucial roles in selective translation of 

certain mRNAs. This mechanism was described in E. coli by Giuliodori and co-workers 

[87]. The authors observed the preferential translation of distinct mRNAs that encode 

proteins important for cold-shock and cold-tolerance under cold-shock conditions. Their 

results further indicate that this selectivity can be attributed to a stoichiometric imbalance of 

the IF to ribosome ratio, contradicting the dogma of equimolar ratios between ribosome and 

IFs by Howe and Hershey [88]. Interestingly, increased amounts of IF3, together with IF1, 

preferentially stimulate translation of cold-shock mRNAs [87]. Alternatively, IF2, which 

recruits the tRNAi to the PIC, has been shown to selectively stimulate translation initiation 

on lmRNAs [89]. This result clearly suggests that recognition of the 5′-terminally AUG start 

codon via codon–anticodon interaction is crucial for translation initiation on lmRNAs. In 

contrast, IF3 appears to antagonize start codon selection on lmRNAs by destabilizing the 

translation initiation complex assembled at the 5′-end of the transcript [90]. These results 

were confirmed in a subsequent study indicating that the ratio between IF2 and IF3 is crucial 

for efficient translation initiation on 5′-terminal AUG start codons of lmRNAs in E. coli 
[91]. Together, these studies exemplify that alterations of the IF stoichiometry have the 

potential to affect the selectivity of the translational machinery in bacteria resulting in the 

preferred translation of a subset of mRNAs.

3.3.2 Eukaryotic initiation factors—The alteration of the translational specificity by 

means of variation or modification of translation factors is a well-established mechanism in 

eukaryotes. For example the stress-induced phosphorylation of the α-subunit of eIF2, which 

recruits the tRNAi to the 40S ribosome, leads to a general inhibition of translation [92]. 

However, in hepatitis C virus (HCV) infections, an alternative tRNAi-binding protein, 

eIF2A, has been reported to guide translation initiation to HCV IRES sites [93]. By this 

means the viral mRNA is selectively translated and overcomes the general translation 

inhibition by eIF2α phosphorylation during stress induced by the virus infection itself. 

Interestingly, eIF2A seems likewise to be involved in translation initiation with elongator 

tRNAs as shown for Leu-tRNA initiation on CUG-start codons [94]. This mechanism has 

been exemplified by Liang and co-workers, who have shown the synthesis of an N-terminal 

elongated variant of the human tumor suppressor PTEN, by translation initiation at an 

upstream and inframe CUG-start codon [95]. Another alternative eIF2 initiation factor, 

namely eIF2D, acts in a GTP-independent manner and guides translation initiation to 

unconventional mRNAs like HCV IRES or lmRNAs [96]. Employing an alternative 

initiation mechanism, eIF2D recruits tRNAi to the 40S ribosome after the AUG start codon 
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has been positioned at the P-site. Collectively, eIF2 and its alternatives appear to add another 

regulatory level to translation initiation, as the choice of the one or the other variant guides 

initiation towards different classes of mRNAs. This mechanism appears to be conceptionally 

similar to the regulation of transcription, where the use of alternative sigma factors guides 

the RNA polymerase to another set of promoters upon encountering external stimuli.

eIF3 is the largest initiation factor, consisting of 13 different subunits in mammals, of which 

only 6 build the functional core complex [97]. It generally plays a regulatory role in 

translation initiation as it stimulates the formation of the TC and the 43S PIC. eIF3 is also 

involved in cap-independent translation initiation as on IRES-mediated initiation of protein 

synthesis. The diverse roles of eIF3 might in part be explained by its heterogeneous 

composition. Already in the 1970s, researchers have described heterogeneity in association 

of eIF3 to the ribosomes in rat liver homogenates [98]. The results suggested that eIF3 was 

preferentially bound to newly synthesized 40S ribosomes, but not to recycled ribosomes. 

However, eIF3 is not only involved in the association of the TC eIF2-GTP-tRNAi to the 40S 

ribosome, but acts likewise as a ribosome-dissociation factor after termination and hinders 

re-association of the free 40S and 60S subunits [99,100]. Kolupaeva and co-workers have 

proposed that the ability of eIF3 to bind the 40S subunit and to prevent its re-association 

with 60S subunits is dependent on the presence of the subunit eIF3j in mammals [101]. As 

observed more recently in a mammalian cell line, the subunit eIF3a shows oscillating levels 

within the cell cycle and appears to be a translational regulator for the S-phase entrance 

[102]. The subunits eIF3e and eIF3g have been reported to associate with translational 

regulators like p56 or poly(A)-binding proteins, respectively, thereby stimulating or 

inhibiting translation initiation [103,104]. For other eIF3 subunits a role in cancer cells was 

suggested. The mRNA levels encoding the subunits eIF3a, -b, -c, -h, and -I are increased in a 

wide variety of human tumors and moreover, their overexpression was shown to induce 

oncogenic malignancy [105]. In contrast, eIF3f seems to have tumor suppressive activity by 

affecting cap-dependent and cap-independent translation initiation [106]. In addition, the 

factor is involved in translation inhibition during apoptosis ([107] and references therein). 

Intriguingly, eIF3 also is remarkably heterogeneous in terms of localization: nuclear eIF3 

has a different subunit composition than cytosolic eIF3, which is lacking the subunits eIF3a 

and -f [108]. The authors suggest that the cytosolic eIF3f is phosphorylated during 

apoptosis, which results in a stronger association of eIF3f to the eIF3 core complex leading 

to translation inhibition. The pro-apoptotic function of eIF3f seems furthermore to be 

regulated by direct interaction with the anti-apoptotic factor Mss4 [109]. Thus, eIF3 is an 

intriguing example for regulation of protein synthesis mediated by modified translation 

factors, as induced heterogeneity of a single IF can adapt the translational program to a vast 

variety of conditions.

3.4 Heterogeneity of tRNAs

During translation, tRNAs act as the adaptor molecules in decoding of the base triplets on 

the mRNA into the corresponding amino acids. But their role is not merely mechanistical 

and – although highly conserved – they show remarkable structural diversity amongst 

species [110]. In the recent years, it has been shown that tRNAs do not only exist in their 

aminoacylated or uncharged full length form, but also short fragments of tRNAs or tRNA 
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halves have been observed (reviewed in Ref. [111]). The stress-induced 5′-tRNA halves 

inhibit translation in mammalian cells by interfering with initiation factors eIF4E/G/A [112], 

and tRNA fragments can bind to the ribosome and inhibit translation as it was shown for the 

archaeon Haloferax volcanii [113].

However, in correspondence to genes encoding RPs, there are also several copies for tRNA 

genes. The E. coli genome encodes four copies for the tRNAi. Samhita and co-workers 

found that one of these genes (metY) appeared to be dispensable [114]. However, in 

nutrient-rich conditions the presence of all four genes is advantageous over only three. On 

the other hand, the lack of one tRNAi-gene has been shown to be beneficial during nutrient-

deprived conditions and during long-term growth [114]. These findings strongly imply that 

different variants of tRNAi are used for translation initiation under different environmental 

conditions. It is important to note that ribosomes derived from an E. coli strain lacking three 

tRNAi genes (metZVW) are slightly depleted of ribosomal protein S1 [115], which is 

required for translation initiation on canonical mRNAs [30,116]. Also higher eukaryotes 

harbor multiple tRNA gene copies coding for so-called isodecoders, different tRNA-bodies 

with the same anti-codon. The function of these isodecoders appears not to be redundant as 

loss of one particular tRNA (tRNAArgUCU) cannot be compensated by its isodecoders in 

mice [117].

Several lines of evidence indicate that tRNAs can also be targeted by bacterial stress-

dependent toxins. VapC is an endoribonuclease of the toxin–antitoxin system vapBC. Upon 

activation it cleaves the tRNAi at the anticodon stem-loop thus resulting in the inhibition of 

translation [118]. Besides, VapC activation stimulates translation initiation on elongation 

codons of the dksA mRNA, however, the underling mechanism still remains elusive. Taken 

together, these findings indicate an alternative mechanism of stress-induced adaptation of the 

translational program by tRNA intrinsic variations.

3.5 Extra-translational functions of ribosomal proteins and translation factors

As mentioned above, heterogeneous expression of RPs can result in the formation of 

specialized ribosomes, and has been observed in prokaryotes and eukaryotes in dependence 

of growth conditions and cell type [34,119]. Considering the extraribosomal functions of 

several RPs (summarized in Ref. [42]) and translation factors, one is tempted to speculate 

that these extra-ribosomal functions could likewise represent a means to reduce the amount 

of RPs or factors available for the translational machinery. For example, the largest RP 

present in Gram-negative bacteria, namely protein S1, is, besides its important mRNA-

binding function in translation initiation, a subunit of the RNA-directed RNA polymerase of 

the bacteriophage Qβ [120]. In this context, S1 plays a role in the termination of the 

polymerase reaction. Moreover, the mammalian RPS3 acts additionally as an endonuclease 

and can become part of the nuclear NFκB complex, thereby interfering with transcription 

regulation (reviewed in Ref. [42]).

Likewise, translation factors have been implicated with non-translational functions, like 

eIF3f, which has been proposed to create a link between translation and RNA degradation 

during stress [106]. During apoptosis, eIF3f might interact with heterogeneous nuclear 

ribonucleoprotein K blocking its RNA protective function. Additionally, eIF3f possesses a 
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de-ubiquitinase activity by itself, which links it to Notch signaling pathways [121] and 

moreover, it seems to be a regulatory factor in the balance between muscle atrophy and 

hypertrophy [122]. Another factor involved in several extra-ribosomal functions is eEF1A, 

which besides the delivery of aa-tRNAs to the ribosomal A-site is responsible for non-

canonical processes like quality control of newly synthesized proteins, apoptosis, and viral 

propagation [123]. Moreover, it was shown recently that a methylated version of eEF1A is 

required for nodavirus RNA replication in yeast [124]. Taken together, these results add 

significant weight to the audacious hypothesis that extra-translational functions could 

withdraw RPs or translation factors from the translational machinery and thus result in an 

adjustment of translation.

4 The multifaceted translational machinery: a perspective

In light of the increasing evidence, ribosome heterogeneity, though still far from being 

entirely understood, proves to be an integral mechanism to modulate and fine tune protein 

synthesis in response to environmental signals in all organisms. Considering the time and 

energy consuming steps of the transcriptional stress response mechanisms, which involve the 

synthesis of alternative sigma factors followed by the selective transcription and translation 

of regulatory factors, it is conceivable that the strategies summarized here provide a novel 

‘fast-track reaction’ for the cell to cope with the immediate changes in external conditions. 

Thus, the alteration of the transcriptional program would constitute the second level of stress 

response required for the mid- and long-term adjustment of the metabolic network.

Despite the multitude of examples for ribosome heterogeneity available, there is still ample 

need for further studies to gain comprehensive insights into the functional reprogramming of 

the translational machinery. Nevertheless, the above mentioned studies dramatically object 

the long-cherished tenet that the ribosome is the unchangeable operating unit of protein 

synthesis and strongly favor the conception that multifaceted ribosomes represent a central 

hub for signal integration in cellular physiology.
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Fig. 1. 
Scientific publications addressing ‘ribosome heterogeneity’ since 1969. The graph depicts 

that despite being already observed more than 40 years ago, ribosome heterogeneity as a 

means to regulate translation was not a scientific subject till the dawn of the new 

millennium.
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Fig. 2. 
Components of the translation machinery that have the potential to contribute to functional 

heterogeneity. Structures were visualized with Polyview 3D software [125] using the 

following maps: E. coli large ribosomal subunit (LSU; pdb accession code: 3d5a [126], 

rRNA in light gray, proteins in dark gray); small ribosomal subunit (SSU; pdb accession 

code: 3d5b [126]); E. coli IF2 (pdb accession code: 1g7r [127]); human eIF3 (EMD-2166 

[128]); yeast tRNAPhe (pdb accession code: 6tna [129]).
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