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Nomenclature 
 

All genes are written in italics, all proteins are written with a first capital letter. Gene deletions 

are indicated by the symbol ∆, gene fusions are indicated by the symbol : and gene 

replacements are indicated by the symbol :: . Promotor regions of an indicated gene are 

represented by Pgene. Gene products are numbered such that the first methionine of the wild-

type protein, when present, is assigned position "1" in the amino acid sequence, independent 

of any N-terminal affinity tag. Structural elements in proteins are numbered according to their 

order (e.g. helix h29) Amino acids are designated using their single-letter code, followed by 

their specific position within the primary sequence (e.g. Y180), and if not mention differently, 

X is a placeholder for any amino acid (e.g. PPX for proline-proline-amino acid). Codons are 

designated using their single-letter abbreviation, with N being a placeholder for any nucleotide 

(e.g. GGN for guanosine-guanosine-nucleotide).  
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Zusammenfassung 
 

Die bakterielle Translation ist ein essenzieller und hochkomplexer Prozess, der von 

zahlreichen Faktoren beeinflusst wird. Prolinreiche Sequenzen stellen hierbei eine besondere 

Herausforderung dar, da Proline aufgrund ihrer Ringstruktur nur langsam in Polypeptidketten 

eingebaut werden, und somit einen Ribosomenarrest auslösen können. Dennoch sind 

Polyprolinmotive aufgrund ihrer strukturellen und funktionellen Bedeutung zentrale Elemente 

für die Proteinarchitektur. Um die Translation von Polyprolinsequenzen zu ermöglichen, haben 

Bakterien spezialisierte Strategien entwickelt, die die Translationseffizienz regulieren und die 

Anpassungsfähigkeit an zelluläre Anforderungen verbessern. Nicht alle dieser Mechanismen 

sind bisher vollständig bekannt und um die Prozesse der Translation gezielt optimieren zu 

können, ist ein tieferes Verständnis dieser Systeme von entscheidender Bedeutung. 

Zunächst konnten mithilfe von bioinformatischen Analysen und eines Lumineszenz-

Reportersystem, das Ribosomenpausen in lebenden Zellen misst, signifikante Unterschiede 

in der Codonnutzung bei Prolinen in Escherichia coli aufgedeckt werden. Dabei beeinflusst die 

Wahl der Prolincodons und die Verfügbarkeit spezifischer tRNAs maßgeblich die Effizienz des 

Einbaus von Prolinen. Die selektive Verwendung verschiedener Codons optimiert somit nicht 

nur die Translationsseffizienz, sondern dient auch als Mechanismus zur flexiblen Anpassung 

der Proteinkopienzahl an die Bedürfnisse der Zelle. 

Darüber hinaus konnte EfpL als Paralog des Elongationsfaktors EF-P, der die Translation von 

Polyprolinsequenzen erleichtert, charakterisiert werden. Biochemische und strukturelle 

Analysen zeigten, dass EfpL eine Schlüsselfunktion bei der Rettung von Ribosomen hat, die 

an Prolinreichen Motiven feststecken. Die Koexistenz von EF-P und EfpL kann als 

evolutionärer Mechanismus gesehen werden, der das Wachstum beschleunigt und den 

Umgang mit Translationsstress optimiert. Ribosomenprofilanalysen enthüllten, dass sowohl 

EF-P als auch EfpL neben Polyprolinmotiven auch andere Sequenzen erkennen können, die 

zu einem Ribosomenarrest beitragen. Interessanterweise führte die Überexpression von efp 

und efpL zu Translationspausen an bestimmten Motiven, was auf eine komplexe Regulierung 

dieser Faktoren hindeutet. Hervorzuheben ist, dass EfpL den metabolischen Zustand der Zelle 

durch Lysinacylierungen erfassen kann, wodurch eine präzise Anpassung der Translation an 

die zellulären Bedingungen ermöglicht wird.  

Diese Erkenntnisse tragen zu einem besseren Verständnis der Regulation von 

Ribosomenarrestsituationen durch spezifische Elongationsfaktoren bei und liefern wichtige 

Einblicke in die Komplexität der bakteriellen Translation und die evolutionären Mechanismen. 
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Summary 
 

Bacterial translation is an essential and highly complex process influenced by numerous 

factors. Proline-rich sequences pose a particular challenge, as the ring structure of proline 

slows its incorporation into polypeptide chains, often resulting in ribosome stalling. Despite 

these challenges, polyproline motifs are crucial for protein architecture due to their structural 

and functional significance. To enable the translation of polyproline sequences, bacteria have 

evolved specialized strategies that regulate translation efficiency and enhance adaptability to 

cellular demands. However, not all of these mechanisms are fully understood, and to optimize 

translation processes effectively, a deeper understanding of these systems is critical. 

First, significant differences in proline codon usage in Escherichia coli were identified using 

bioinformatic analyses and a luminescence reporter system to measure ribosome pausing in 

living cells. The choice of proline codons and the availability of specific tRNAs significantly 

influence the efficiency of proline incorporation. The selective use of different codons not only 

optimizes translation efficiency but also functions as a mechanism to flexibly adjust protein 

copy numbers to the needs of the cell. 

Additionally, EfpL was characterized as a paralog of the elongation factor EF-P, which 

facilitates the translation of polyproline sequences. Biochemical and structural analyses 

revealed that EfpL plays a key role in rescuing ribosomes stalled at proline-rich motifs. The 

coexistence of EF-P and EfpL represents an evolutionary mechanism that accelerates growth 

and improves the response to translational stress. Ribosome profiling analyses revealed that 

EF-P and EfpL can recognize other sequences in addition to polyproline motifs that induce 

ribosome stalling. Interestingly, overexpression of efp and efpL was found to cause translation 

pauses at specific motifs, indicating a complex regulation of these factors. Notably, EfpL can 

sense the metabolic state of the cell through lysine acylations, enabling precise adjustment of 

translation to cellular conditions. 

These findings contribute to a better understanding of ribosome stalling and its resolution by 

specific factors, providing important insights into the complexity of bacterial translation and the 

evolutionary mechanisms that have led to the development of efficient ribosome rescue 

processes.
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1 Introduction 
 

1.1 Bacterial translation 
The translation of genetic information into functional proteins is a critical process in all living 

organisms. In bacteria, the ribosome is the central machinery to decode messenger RNA 

(mRNA) into polypeptide chains, ensuring cellular function and survival1. Translation involves 

three main stages – initiation, elongation, and termination – all being checkpoints for protein 

synthesis to secure protein quality. In most bacteria, transcription and translation are coupled 

and occur in a coordinated manner2 (Fig. 1). The mRNA, transcribed by the RNA polymerase, 

is subsequently bound by the small ribosomal subunit to find the Shine Dalgarno sequence at 

the ribosome binding site (RBS). This ensures the correct positioning of the start codon3. The 

large ribosomal subunit then assembles with the small subunit to form a complete ribosome4. 

During translation elongation, the ribosome moves along the mRNA, decoding each codon. 

Therefore, the ribosome has three active sites. The aminoacyl (A)-site is the point of entry for 

the corresponding aminoacyl-transfer RNAs (tRNAs). Peptide bonds form between sequential 

amino acids, extending the polypeptide chain at the peptidyl (P)-site. At the exit (E)-site, the 

uncharged tRNA is released5. After the completed translation of the mRNA into a polypeptide 

chain, the ribosome encounters a stop codon, leading to the release of the newly synthesized 

protein and the disassembly of the translation machinery6. Meanwhile, new ribosomes can 

bind to the same mRNA strand and initiate translation even before the previous ones 

completed, leading to the formation of polysomes7. With higher growth rates, the spacing 

between ribosomes on the mRNA decreases from 120 to 60 nucleotides8. Therefore, a 

coordinated interplay of the ribosome with several cellular compounds is important to ensure 

correct and efficient protein synthesis9.   

1.1.1 Translational pausing and ribosome rescue 
Translation is influenced by various factors such as ribosomal integrity, mRNA structure, codon 

usage, amino acid nature, and cellular conditions, making the translation rate not uniform2,5,10-

13. Damage to mRNA halts translation, but certain mRNA sequences can also intrinsically 

cause the ribosome to pause (Fig. 1). Ribosome stalling, however, is not necessarily harmful, 

as pausing can play a regulatory role, helping to coordinate co-translational processes and 

protein maturation14,15. Specific mRNA sequences serve as regulatory elements by forming 

stable secondary structures, such as hairpins, that physically obstruct ribosome progression16. 

Additionally, the presence of rare codons, where corresponding tRNAs are in low abundance, 

can slow down translation for co-translational folding14,17. Furthermore, specific nascent 

peptide sequences can interact with the ribosomal exit tunnel, causing the ribosome to stall. 

These factors form part of regulatory mechanisms that adjust protein synthesis in response to 

various cellular conditions18,19.  
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However, ribosome stalling halts ribosomal progression, potentially leading to the 

accumulation of incomplete or misfolded proteins. Stalled ribosomes pose an even more 

challenging situation during polysome formation, as a single stalled ribosome can obstruct the 

progression of others in the queue20. These collisions not only block translation but can also 

recruit quality control mechanisms, which may degrade functional mRNA or prematurely 

terminate translation, reducing protein output21-24. In bacteria, ribosome stalling is common, 

often worsened by ribosome-targeting antibiotics or environmental factors that damage 

mRNA25,26. Often, stalling events are temporary and can be resolved by the ribosome alone or 

with the assistance of specific factors27-32. In certain cases, stalling persists, leading to 

prolonged pauses, ultimately requiring targeted resolution mechanisms.  

One of the primary bacterial mechanisms to address ribosome stalling is the trans-translation 

system, which rescues ribosomes stalled on non-stop mRNAs21,23. In this process, the 

incomplete A-site of the ribosome is recognized by a complex of the small transfer-messenger-

RNA (tmRNA), the SsrA-binding protein SmpB, the elongation factor Tu (EF-Tu) and 

guanosine-5'-triphosphate (GTP)33. The tmRNA, along with its protein partner SmpB, acts to 

release the ribosome from defective mRNA that lacks a stop codon, allowing the ribosome to 

be recycled. This system not only clears stalled ribosomes but also tags incomplete proteins 

for degradation, ensuring that only fully synthesized and functional proteins persist in the cell21.  

In addition to trans-translation, alternative ribosome rescue pathways have been identified, 

including the actions of proteins such as ArfA24,34 and ArfB35. These factors act as backup 

systems to rescue stalled ribosomes when the trans-translation system is compromised or 

insufficient25. ArfA recognizes stalled ribosomes and recruits release factors to trigger peptide 

release34, while ArfB directly promotes ribosome disassembly by cleaving the peptidyl-tRNA 

bond35. These mechanisms ensure that ribosomes are freed from stalled mRNAs and made 

available for productive rounds of translation, but the mRNA and the incomplete polypeptide 

are not targeted for degradation34-36. 

Some bacteria additionally encode for RqcH, a homolog of the eukaryotic ribosome-associated 

quality control factor Rqc2. The bacterial ribosome-associated quality control targets the 

stalled ribosome and tags aberrant peptides for degradation, recycling the large ribosomal 

subunit for future translation37-39. Moreover, peptidyl-tRNAs can drop-off without normal 

termination, triggered by very short nascent peptides, specific leader sequences, codon 

patterns, or antibiotics40-43. After drop-off, peptidyl-tRNA hydrolase (Pth) cleaves the peptide-

tRNA bond, preventing toxic buildup and maintaining a functional tRNA pool44-49. The efficiency 

of ribosome rescue systems is vital for bacterial survival, managing translational stress 

efficiently, and preventing the accumulation of incomplete or faulty proteins22.  



 3 

 

Figure 1: Illustration of protein synthesis and ribosome stalling 

In most bacteria, transcription (A) and translation (B) are tightly coupled processes, and predominantly ribosomes 

successfully elongate the polypeptide chain, producing a full-length protein (C). Damage to the mRNA can lead to 

translational stops (D). Ribosome stalling can also occur on intact mRNA sequences (E). Figure is adapted from 
Keiler (2015)22. 

1.1.2 Proline-mediated ribosome stalling 
One specific cause of ribosome stalling is the presence of polyproline motifs50-52. Proline is 

unique among the amino acids due to its rigid cyclic structure. In proteins, both cis and trans 

conformations of proline occur naturally, with nearly equivalent energetic stability53,54. When 

proline appears in consecutive sequences, they can form either a right-handed polyproline 

helix I (PPI, cis) or a left-handed polyproline helix II (PPII, trans). In addition to the common 

α-helix and β-sheet structures, the PPII helix is considered a major secondary structure 

element, playing an essential role in mediating protein-protein and protein-nucleic acid 

interactions55,56. Unlike other amino acids, the side chain of proline is covalently bonded to the 

nitrogen of its amino group, resulting in a pyrrolidine ring that restricts the flexibility of the 

peptide backbone (Fig. 2). This rigidity hinders the ability of the ribosome to accommodate 

proline residues efficiently, particularly when they occur consecutively31,50,57. When ribosomes 

encounter sequences with multiple proline residues, these constraints can lead to a significant 

slowdown or stalling of the translation process50-52.  

Despite this, proline-mediated pauses are more than just biochemical bottlenecks — they can 

have various functional consequences in the cell. These pauses can directly influence the 

folding and processing of nascent proteins by providing additional time for proper 

co-translational folding, which is critical for proteins that need to acquire specific conformations 

RNAP
A

B

C

D

E

mRNA
successful 
elongation

ribosome

nascent
 peptide mRNA 

damage

stalling on 
intact mRNA



 4 

as they exit the ribosome14,15. Furthermore, proline-induced stalling can serve as a form of 

translational regulation. For instance, certain proline-rich sequences act as molecular sensors, 

responding to environmental conditions such as nutrient levels or cellular stress. These 

sequences allow cells to modulate the rate of translation in response to such signals, adapting 

protein synthesis rates to optimize cellular function under changing conditions17,58. 

Bioinformatic analyses in E. coli have revealed that proline-rich sequences are not randomly 

distributed within proteins but are often positioned in key regulatory regions or domains that 

benefit from translational pausing17. For example, proline-rich motifs are frequently found in 

proteins involved in signal transduction, transcriptional regulation, and stress responses, 

suggesting that proline-mediated stalling is an evolutionary feature that enables fine-tuning of 

protein synthesis and function in response to internal and external stimuli17. This underscores 

the importance of proline not just as an amino acid with structural peculiarities but as a critical 

regulatory element in translation elongation and cellular homeostasis. 

 

Figure 2: Proteogenic amino acids and codon usage in E. coli 

Circular representation of the genetic code. Codons encoding amino acids are read from the center letter toward 

the outer layer with their associated codon usage in percentage in E. coli K12 from the codon usage database59. 
Amino acid structures are represented next to their respective boxes. Proline with its pyrrolidine ring is marked. 
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1.2 The Elongation factor P 
Despite their inherent complexity, polyproline sequences are not uncommon in nature and play 

important roles in protein structure53,55,56,58,60. In E. coli, approximately one-third of all proteins 

contain at least one diproline motif17. To facilitate the translation of these challenging 

sequences, almost all living organisms possess specialized factors that alleviate polyproline-

induced ribosome stalling, thereby resuming protein synthesis28,29,61. In eukaryotes and 

archaea, this role is fulfilled by Initiation Factor 5A (e/aIF5A)62-65. The orthologous factor in 

bacteria is known as Elongation factor P (EF-P)66. The significance of IF5A and EF-P in 

translation efficiency is underscored by its ubiquitous presence. An EF-P encoding gene is 

present in nearly all bacteria, including those with highly reduced genomes, and seems to be 

absent only in a few rare cases of obligate symbionts30.  In contrast, aIF5A is found in all known 

archaeal proteomes. Similarly, eIF5A is strictly conserved across all eukaryotes, including the 

single-celled green alga Ostreococcus tauri, one of the smallest free-living eukaryotes or the 

obligate fungal parasites of the genus Microsporidia67,68. Together, these factors exemplify the 

evolutionary pressures that have shaped the translation machinery to accommodate the 

requirements of proline-containing protein synthesis. 

1.2.1 Discovery of EF-P 
In 1975, Bernard Glick and Clelia Ganoza first isolated EF-P as an extraribosomal factor that 

stimulates the formation of N-formyl-[35S]Met-Pmn, suggesting a role in translation 

elongation66. Subsequent research demonstrated that this stimulation of peptidyl transferase 

activity was not universal but rather specific to certain aminoacyl-tRNAs66. From systematic 

in vitro analyses, Ganoza and colleagues later hypothesized an inverse correlation between 

the relative size of the amino acid side chain and the necessity of EF-P for translation69. In 

2009, a co-crystal structure of the 70S ribosome from Thermus thermophilus bound to EF-P, 

shedding light on how EF-P might facilitate peptide bond formation70. Despite EF-P closely 

resembling the size and shape of a tRNA71 (Fig. 3), it does not occupy the traditional ribosomal 

binding sites. Instead, EF-P binds between the P-site and the E-site, where the deacylated 

tRNA exits the ribosome. The bioinformatic identification and experimental validation of the 

post-translational modification system for activating EF-P in E. coli and Salmonella enterica in 

201072 laid the groundwork for elucidating the exact role of this elongation factor in protein 

biosynthesis some years later. Parallel in vitro translation experiments and additional in vivo 

analyses in Δefp cells confirmed the initial hypothesis that EF-P is required to overcome 

ribosome arrest occurring at three or more consecutive prolines28,29. Shortly after deciphering 

the function of EF-P in bacteria, it was demonstrated that the eukaryotic ortholog, eIF5A, is 

similarly essential for the effective translation of proline sequences65. This finding not only 

confirmed the universal importance of resolving a ribosome arrest at polyproline sequences, 

but also indicated that EF-P and IF5A perform analogous molecular functions in elongation. 
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While the role of bacterial EF-P appears to be specifically linked to proline translation, the 

function of the eukaryotic ortholog eIF5A was further extended. Experimental evidence from 

studies on Saccharomyces cerevisiae eIF5A showed a global effect on translation elongation, 

not limited to polyproline sequences65,73. Ribosome profiling data from eIF5A-deficient cells 

reveal widespread stalling across diverse coding sequences and a role for eIF5A in translation 

termination74. Additionally, eIF5A was discovered as a crucial ribosome-associated quality 

control factor, enabling efficient peptidyl transfer75. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3: Structural comparison of IF5A and EF-P 

Crystal structures of eIF5A (A; S. cerevisiae; pdb: 3ER0) and aIF5A (B; Methanococcus jannaschii; pdb: 1EIF) 

depict the two domain structure (I: SH3-like N-domain; II: Oligonucleotide binding C-domain)76. The crystal structure 

of EF-P (C; E. coli; pdb: 6ENU) shows an additional third domain (I: KOW-like N-domain; II and III: Oligonucleotide 
binding domains)31. Overlay with the Matchmaker tool from UCSF Chimera77 (D) highlights the structural similarity. 

1.2.2 EF-P structure and function 
Structure analysis of aIF5A, eIF5A, and EF-P from various organisms revealed a significant 

level of overall structure similarity30 (Fig. 3). The initial published structures originated from 

thermophilic archaea76,78,79. The archaeal factor aIF5A comprises two distinct domains: the N-

terminal domain (I) forms a SH3-like β-barrel fold, while the C-terminal domain (II) resembles 

the oligonucleotide binding (OB) fold of RNA-binding proteins (Fig. 3A). Compared to its 

eukaryotic ortholog eIF5A, aIF5A is slightly shorter, but with a high sequence similarity, 

especially in the N-terminal domain (Fig. 3B)30. Unlike the two-domain structure of IF5A, 
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bacterial EF-P is composed of three domains, with an additional C-terminal OB domain (III) 

that completes the L-form of EF-P71 (Fig. 3C). The structural similarity of the two EF-P OB 

domains suggests that one may have originated from the duplication of the other71. As with 

IF5A, the most conserved region is found in the β3Ωβ4 loop within domain I71. Like a tRNA, 

EF-P spans both ribosomal subunits, while domain I interacts with the large subunit and 

domain III reaches toward the small subunit (Fig. 4). Residues Y180 and R183 in domain III  

of EF-P interact with both the anticodon stem of the P-site tRNA and specific nucleotides of 

the 16S ribosomal RNA (rRNA), likely preventing the P-site tRNA from translocating to the E-

site70,71. Domain III also contains conserved residues near the E-site codon of the mRNA70. At 

the other end of EF-P, multiple positively charged residues interact with the P-site tRNA and 

the 23S rRNA near the peptidyl transferase center70. A key feature of EF-P and IF5A is the 

post-translational modification at the tip of the highly conserved β3Ωβ4 loop within domain I. 

This modification enhances interactions with the CCA end of the P-site tRNA, allowing EF-P 

and IF5A to stabilize and correctly position the tRNA. Through these interactions, EF-P 

indirectly stimulates peptide bond formation, ensuring efficient protein biosynthesis28,61,80 (Fig. 
4). 

 

Figure 4: Molecular function of EF-P 

(Left) Translation of consecutive prolines leads to ribosomal stalling. (Middle) EF-P is recruited to the stalled 
ribosome and binds close to the site of tRNA-exiting (E-site). By interacting with the P-site prolyl-tRNA, EF-P 

stimulates proline-proline peptide bond formation. (Right) Translation proceeds upon detachment of EF-P and with 

the binding of a new aminoacyl-tRNA at the ribosomal A-site. Depicted are the structural images of P- and A-site 
tRNAs (red) in a polyproline stalled ribosome. The distance between the ester carbonyl carbon of the peptidyl-tRNA 

and the α-amino group of the aminoacyl-tRNA with (pdb: 6ENJ) and without (pdb: 6ENF) modified EF-P (turquoise) 

is shown31. Figure is adapted from Lassak et al. (2021)81. 
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1.2.3 Post-translational modifications of EF-P 
The activity of both IF5A and EF-P relies on the post-translational extension of a positively 

charged residue80,82,83. While the modification systems for IF5A are highly conserved in 

eukaryotes and archaea, bacteria employ various analogous strategies. The (deoxy-

)hypusination of IF5A involves the unusual amino acid hypusine (Nε-(4-amino-2-

hydroxybutyl)lysine). In the cell, hypusine is rapidly and likely irreversibly formed following 

eIF5A synthesis65,84-87. Two enzymatic steps are required for complete modification: the first is 

catalyzed by deoxyhypusine synthase (DHS), which transfers the 4-aminobutyl moiety from 

spermidine to a conserved lysine in eIF5A88,89. DHS is nicotinamide adenine dinucleotide 

(NAD+)-dependent and forms the intermediate deoxyhypusine in a four-step reaction89-91. The 

second modification enzyme is the eIF5A-specific deoxyhypusine hydroxylase (DOHH)92. 

While DHS is essential in archaeal and eukaryotic domains of life, DOHH seems to be essential 

only in higher eukaryotes30.  

The first modification type of EF-P was discovered in 2010 for E. coli and other 

γ-proteobacteria72,93-95. This modification is characterized by a two-step β-lysine addition 

process that involves the catalytic action of specialized enzymes. The first enzyme, 2,3-

aminomutase EpmB, isomerizes (S)-α-lysine to (R)-β-lysine, which serves as a donor 

substrate for the second enzyme. The β-lysine is ligated to the ε-amino group of the lysine 

residue K34 of EF-P by the EF-P-specific ligase EpmA96. Notably, EpmA, shares homology 

with a type II aminoacyl-tRNA synthetase, but evolved substrate specificity for EF-P instead of 

tRNA72,94. Additionally, some bacteria encode for the EF-P hydroxylase EpmC97, but 

hydroxylation of EF-P is not essential for the function28,29,98. Comparative proteomic analyses 

consistently indicate that EpmA and EpmB are present in a quarter of all bacterial proteomes 

sequenced to date72,80 (Fig. 5).  

In contrast, approximately 70% of bacteria encode EF-P, with a lysine positioned at the 

equivalent site to E. coli K3430. In Bacillus subtilis, EF-P undergoes a distinct type of 

modification at this lysine side chain, involving the β-lysine structural analog 

5-aminopentanol99. YmfI was identified as the enzyme responsible for reducing 

5-aminopentanone to 5-aminopentanol, which constitutes the final step in the modification 

pathway100. Additional modification states were identified through tandem mass spectrometry 

analysis, leading to the proposal of a putative pathway. According to this data, 

hydroxypentanone is the first intermediate, followed by pentenone, and subsequently 

5-aminopentanone101. Orthologs of YfmI have been identified in bacteria of the Firmicutes 

order, and it appears that EF-P 5-aminopentanolylation extends to genera such as Listeria and 

Staphylococcus102 (Fig. 5). 
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The discovery of 5-aminopentanolylation in B. subtilis expands the spectrum of EF-P lysine 

modifications. However, approximately 30% of EF-P homologs have a different amino acid at 

the corresponding site, with arginine being the predominant alternative. β-proteobacteria and 

some γ-proteobacteria, including Pseudomonas species, mono-rhamnosylate EF-P at the 

conserved arginine residue R3280 (Fig. 5). This modification is catalyzed by the 

glycosyltransferase EarP, which utilizes the nucleotide sugar donor dTDP-β-L-rhamnose. 

dTDP-β-L-rhamnose itself is synthesized through the RmlABCD pathway103-106. The addition of 

this sugar moiety is an unexpected and unique form of EF-P modification, as it stands in stark 

contrast to all previously characterized lysine-based modifications of EF-P and its eukaryotic 

analog, eIF5A. Nevertheless, despite the structural differences, all EF-P modifications alleviate 

polyproline-induced ribosome stalling80,97,101,103.  

Enzymes involved in β-lysinylation, rhamnosylation, or 5-aminopentanolylation are found in 

approximately 40 % of sequenced genomes (Fig. 5). Thus, it remains unclear whether 

additional, yet undiscovered modification strategies exist. Instead of post-translational 

modification, EF-Ps of Actinobacteria stabilizes the loop due to the rigidity of a palindromic 

consensus sequence PGKGP102. This exemplifies a modification-independent strategy for 

EF-P functionality. The remarkable diversity in EF-P modification strategies underscores the 

evolutionary adaptability of bacterial systems in addressing translational challenges. 

 

Figure 5: Diversity of EF-P modifications 

The distribution of EF-P modifications in bacteria of yet analysed EF-Ps is shown. Approximately 25% of bacteria 

modify lysine (K) with (R)-β-lysine, while 5% modify lysine with 5-amino-pentanol. Another 9% of bacteria 
rhamnosylate an arginine (R). Up to 11% use an unmodified EF-P with a lysine. Around 50% have unknown and 

uncharacterized EF-Ps. 
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1.3 Alternative ways to alleviate stalling at proline-rich sequences 
While a/eIF5A is essential in archaea and eukaryotes65,107, EF-P can be deleted in many 

bacteria80,95,108-113. Additional to EF-P, alternative enzymes to alleviate ribosome stalling at 

proline-containing sequences in bacteria were described114-118. Unlike the translational stress 

response pathways of trans-translation or ArfA/ArfB, these enzymes most likely enter the 

ribosome from the E-site and enable translation to continue. They play a crucial role in 

maintaining efficient translation, especially when EF-P levels are insufficient or absent, 

ensuring the cellular machinery can cope with translational challenges effectively. Their 

existence underscores the adaptability of bacterial systems to diverse translational challenges, 

enabling bacteria to preserve growth and viability across various environmental conditions. 

1.3.1 ABCF ATPases  
ABCF ATPases are an important family of ATP-binding cassette (ABC) proteins of both 

antibiotic resistance factors and essential housekeeping proteins involved in assisting 

ribosome assembly and protein synthesis, including alleviating ribosome stalling116,117,119-121. 

Unlike other members of the ABC family, typically associated with transport across 

membranes, ABCF ATPases lack membrane-spanning domains122. ABCF ATPases interact 

directly with ribosomes and affect translation by binding to the ribosomal subunits with their 

P-site tRNA interaction motif (PtIM) domain119,120,123. ABCFs are widely distributed across 

bacteria and eukaryotes, with an average of four ABCF proteins encoded per bacterial 

genome116. E. coli has four ABCF ATPases: EttA, YheS, YbiT, and Uup119. E. coli EttA seems 

to regulate the early stages of translation elongation114,119,120. YheS responds to translational 

arrest caused by SecM and YbiT manages stalling caused by poly-basic sequences as well as 

poly-acidic sequence-induced intrinsic ribosome destabilization114. Uup, which was initially 

suggested to play a role in replication fork progression124, was found to help in the translation 

of polyproline motifs114. B. subtilis YfmR, a member of the Uup subfamily116, cooperates with 

EF-P to alleviate ribosome stalling at aspartate-proline117 and polyproline motifs125. In general, 

ABCF ATPases can help to manage hard-to-translate sequences. 

1.3.2 RNA binding protein YebC 
Another potential player in the bacterial ribosome rescue system is YebC. YebC is a conserved 

bacterial protein belonging to the YebC/PmpR family of transcriptional regulators, but its role 

extends beyond transcriptional regulation118,125. A phylogenetic analysis revealed that the 

YebC-family proteins have evolved distinct functions in transcription or translation 

separately125. Recent studies showed function in rescuing stalled ribosomes by directly 

interacting with the 23S rRNA near the peptidyl-transferase center. Interestingly, many 

bacterial species encode two YebC paralogs, YebC and YebC2126. YebC in 

Streptococcus pyogenes118 and YebC2 in B. subtilis115 were shown to enhance the translation 

of polyproline stretches in the absence of EF-P and the corresponding ABCF ATPase YfmR. 
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This indicates that YebC and/or YebC2 can serve as an alternative ribosome rescue 

mechanism, compensating for the absence of other factors. Notably, YebC is also homologous 

to the mitochondrial TACO1, which alleviates polyproline-mediated stalling of mitoribosomes, 

while a mitochondrial counterpart of EF-P or eIF5A remains unidentified127. In bacterial 

systems, YebC/YebC2, EF-P, and YfmR/Uup act independently, forming distinct mechanisms 

to ensure efficient translation115. 

1.3.3 Elongation factor P-like proteins 
Numerous bacteria additionally possess an EF-P paralog, called EF-P like (EfpL; also known 

as YeiP) of unknown function. Bioinformatic analyses using structural predictions from 

AlphaFold suggest that EfpL proteins share a three-domain structure similar to EF-P. The C-

terminal OB-domain III shows the greatest similarity, primarily functioning in interactions with 

the small ribosomal subunit and the anticodon stem loop of the P-site tRNA. Notably, 

conserved residues in both EF-P and EfpL are positioned to form hydrogen bonds with the P-

site tRNA and helix h29 of the 16S rRNA31. However, key residues within the EF-P KOW 

domain, critical for recognizing prolyl-tRNA in stalled ribosomes, are less conserved in EfpL. 

This divergence suggests that EfpL might operate through a mechanism distinct from the 

canonical EF-P, possibly targeting different translational challenges or stalling motifs. 

The translation of proline-rich sequences represents a complex system involving numerous 

different key factors that either support the ribosome or further complicate the process. These 

factors include specialized elongation proteins, post-translational modification, and specific 

mRNA codon contexts that influence ribosomal dynamics. The interplay between these 

components adds multiple layers of complexity to the regulation of ribosome stalling and 

ensures the accurate synthesis of proline-rich proteins. However, the elements that assist the 

ribosome in navigating these stalls can also amplify translational challenges under certain 

conditions. Despite recent advancements in understanding translation regulation, many 

questions remain unanswered regarding ribosome stalling and the specific roles of translation 

factors. To address these gaps, this thesis aims to investigate the molecular mechanisms 

underlying stalling motifs and to conduct a comprehensive biochemical characterization of 

EfpL. Understanding how these systems function and how they are regulated is essential for 

deciphering the mechanisms cells use to maintain translation efficiency and adapt to stress. 
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2 Proline codon pair selection determines ribosome pausing strength and 
translation efficiency in bacteria 
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Proline codon pair selection determines ribosome
pausing strength and translation efficiency in
bacteria
Ralph Krafczyk 1,4, Fei Qi 2,3,4, Alina Sieber 1, Judith Mehler 1, Kirsten Jung1, Dmitrij Frishman 3✉ &

Jürgen Lassak 1✉

The speed of mRNA translation depends in part on the amino acid to be incorporated into the

nascent chain. Peptide bond formation is especially slow with proline and two adjacent

prolines can even cause ribosome stalling. While previous studies focused on how the amino

acid context of a Pro-Pro motif determines the stalling strength, we extend this question to

the mRNA level. Bioinformatics analysis of the Escherichia coli genome revealed significantly

differing codon usage between single and consecutive prolines. We therefore developed a

luminescence reporter to detect ribosome pausing in living cells, enabling us to dissect the

roles of codon choice and tRNA selection as well as to explain the genome scale observa-

tions. Specifically, we found a strong selective pressure against CCC/U-C, a sequon causing

ribosomal frameshifting even under wild-type conditions. On the other hand, translation

efficiency as positive evolutionary driving force led to an overrepresentation of CCG. This

codon is not only translated the fastest, but the corresponding prolyl-tRNA reaches almost

saturating levels. By contrast, CCA, for which the cognate prolyl-tRNA amounts are limiting,

is used to regulate pausing strength. Thus, codon selection both in discrete positions but

especially in proline codon pairs can tune protein copy numbers.
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Proline has a set of characteristics that is not found in other
proteinogenic amino acids. It is the only n-alkyl amino acid
and thus has unique chemical properties. Its pyrrolidine

ring makes proline conformationally rigid and thus it can shape
protein structure: depending on its configuration—cis or trans—
the binding axis rotation of amide bonds changes with major
consequences for folding1. Peptide stretches enriched in prolines
can even form a distinct type of secondary structure, the so called
polyproline helix2. However, all these unique features come at a
price. Not only is peptide bond formation with proline the
slowest compared to all other proteinogenic amino acid3–5, but
ribosomes can even be arrested when translating stretches of
proline residues6–8. However, consecutive prolines occur fre-
quently in eukaryotic and prokaryotic proteomes9,10. For exam-
ple, in Escherichia coli every third protein contains at least one
polyproline motif (PP-motif, at least diproline)11 and in Strep-
tomyces species there is more than one PP-motif per protein on
average12. The explanation for this apparent oddity is the exis-
tence of a ubiquitous elongation factor (termed EF-P in bacteria
and a/eIF5A in archaea/eukaryotes) that alleviates ribosome
stalling13–16. Nevertheless, EF-P cannot fully compensate for the
translational burden caused by PP-motifs11. Intriguingly, bacteria
can even benefit from ribosomal pausing by using it to regulate
translation rates14. PP-motifs are enriched in inter-domain linker
regions, which might promote correct folding, upstream of
transmembrane regions, where they could facilitate correct
insertion, and close to the protein N-terminus11. Here, similar to
rare codons17, PP-motifs might be instrumental in generating a
translational ramp and helping to avoid ribosome collisions18.

It is well accepted that the amino acids bracketing PP-motifs
influence the pausing strength19–22, thus representing a specific
regulatory mechanism of translation. The role of proline codon
choice, however, has not yet been investigated, although the
incorporation speed of proline into the nascent chain differs
significantly depending on which of the four codons (CCA/C/G/
U) (Fig. 1a) and three tRNAs (ProK/ProL/ProM) are used
(Fig. 1b)5. Here, we have comprehensively investigated how the
interplay of codon choice and tRNA abundance affect the
translation of PP-motifs.

Results
Distribution of proline codon pairs suggests their regulatory
role in translation. Our study started with a bioinformatics
analysis, in which we investigated whether codon usage differs
between single prolines and proline pairs in the proteome of E.
coli MG1655 (Figs. 2 and 3). We observed a depletion of CCC
(8.1 vs. 11.6%) and CCU (12.3 vs. 15.3%) in codon pairs as
compared to single prolines (Fig. 2a). Both of these codons delay
diproline synthesis more (tdip[CCC])= ~116.3 ms; tdip[CCU])=
~71.4 ms) than the other two codons (tdip[CCA])= ~66.7 ms;
tdip[CCG])= ~62.5 ms)5. Selection against slowly translating
proline codon pairs is not restricted to E. coli: Out of 15 bacterial
genomes with a broad range of GC-content values CCC and CCU
are disfavored in 13 and 11 genomes, respectively (Fig. S1 and
Supplementary data file S1). We next asked whether this bias
might be related to codon order. Reportedly, an mRNA sequence
of CCC/U-C/UCN promotes +1 ribosomal frameshifting, which
is in principle counteracted by methylation of the corresponding
isoacceptor tRNAs ProL and ProM at the 3′ side of the anticodon
(m1G37)23,24. However, this modification cannot fully prevent
ribosome slipping, as we could demonstrate with a bioreporter
in vivo (Fig. S2). Accordingly, it would be plausible that the
selective pressure on proline codon pairs is most pronounced for
the first codon. Indeed, our analysis unveiled strong avoidance of
both CCC and CCU at the first positions, while their occurrence

at the second position matches their genome-wide usage (Fig. 2b).
Further, the observed bias is not restricted to proline codon pairs
but also to single prolines, as long as the downstream codon starts
either with “C” or “U” (Fig. 2c).

Interestingly, the negative selection of CCC/U in proline codon
pairs is not compensated by overrepresentation of CCG, being the
most optimal codon in terms of diproline synthesis rates5.
Instead, an enrichment of CCA (18.2 vs. 25%) was found.
Ranking proteins with proline pairs according to their translation
efficiency (Fig. 2d) revealed a preference for CCG in the top 20%.
These findings imply a potential regulatory role of the relative
CCA accumulation in PP-motifs, e.g., to slow down translation
for proper membrane insertion or at the protein start to generate
a translational ramp as a late stage of translation initiation
thereby reducing ribosomal traffic jams17. In fact, non-CCG
proline codons are enriched in these regions, further supporting
the idea (Fig. 2e, f).

PP-motifs can be classified into “weak”, “intermediate”, and
“strong” pausing motifs according to their interference with
translation11,20,22. These differences result from the preceding
amino acid. We were therefore interested whether specific proline
codon biases exist within these subgroups of PP-motifs. Thus, we
dissected PP-motifs accordingly (Fig. 3a–d and Supplementary
data file S2). The most pronounced difference to single prolines
was again the CCA usage (Fig. 3d). This codon represents 23.2%
of all proline codons associated with weak pausing compared to
27.2% and 27.1% for intermediate and strong pausing, respec-
tively. This difference is significant according to a two-sided Z test
(p value= 7.0e−3). Thus, the differences between CCA and CCG
in terms of pausing strength might be an additional mechanism
to tune the translation efficiency.

An in vivo reporter system to quantify translational pausing. In
order to measure codon effects on translational efficiency, we

Fig. 1 Diversity of proline codons and their corresponding tRNAs. a The
genetic code contains four codons for proline: CCG, CCC, CCU, and CCA. b
The three tRNAs ProK, ProL, and ProM recognize distinct sets of proline
codons and exhibit different levels of abundance within the cell34. All three
prolyl-tRNAs are charged by the prolyl-tRNA synthetase ProS.
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established a reporter system that is capable of determining
translational pausing strength within living cells. The system
hijacks the attenuation mechanism of the histidine biosynthesis
operon hisGDCBHAF (Fig. 4a)25. Here, translational speed of the
preceding His-leader peptide (HisL) controls expression of the
downstream structural genes26. Naturally this peptide contains
seven consecutive histidines. When charged histidyl-tRNA is
present in excess, ribosomes translate HisL non-stop, which in
turn results in the formation of an mRNA attenuator stem loop
that prevents transcription of hisGDCBHAF. When histidine
concentrations are limiting, HisL translation is decelerated due to
a lack of charged histidyl-tRNAs and an alternative mRNA stem
loop is formed, which in turn permits transcription of the histi-
dine biosynthesis genes. We fused the 5′ untranslated region (5′
UTR) of hisGDCBHAF as well as the preceding hisL with the
luxCDABE operon of Photorhabdus luminescens27 and integrated
the resulting construct via single homologous recombination into
the E. coli chromosome (Fig. 4b)28,29. Monitoring of light emis-
sion over 16 h of growth showed a maximal output of only
around 500 RLU, demonstrating that almost no pausing takes
place under standard growth conditions in complex medium
(LB). This was expected as LB contains about 1 mM of
histidine30, which means an excess of about 100-fold31.

To assess the potential of our reporter to measure ribosome
pausing we generated HisL variants encompassing PP-motifs of
varying strength (Fig. 4c). Specifically, we substituted His1
through His4 by TPPP, FPPP, or RPPP being representatives of
weak, intermediate, and strong pausers, respectively22. As a
positive control, we placed a stop codon in the position
corresponding to His4. As a negative control, we chose RPAP,
which does not reduce translational speed14. As codon for
alanine, we selected GCG being highly similar to the proline
codon CCG. This choice was made to minimize putative effects of
mRNA structural alterations.

To delineate codon effects from those caused by the peptide
sequence all prolines were encoded only by CCG. The maximal
light output of the corresponding E. coli strains RPAPCCG,
TPPPCCG, FPPPCCG, and RPPPCCG increased from 390 RLU to
44,000 RLU to 106,000 and 530,000 RLU, respectively (Fig. 4c).
The results obtained here perfectly match published datasets
based on completely different experimental principles14,19,20,22,32.
Accordingly, the outcome of our assay is a result of ribosome
pausing that is determined by sequence identity but not mRNA
structure. Notably, the positive control HHH* reached a
maximum RLU of 336,000, which was in the same range as the
reporter activity of the RPPP construct. We can therefore

Fig. 2 Bioinformatic analysis of proline codon bias in E. coli. a Codon usage of either single (XP1X) or consecutive (XPnX) prolines (with X being any
amino acid except proline and n > 1). p value= 1.7e−30, chi-squared test. b Codon usage of the first and second proline in PP-motifs. Only PP-motifs with
two consecutive proline residues were included in this analysis. The dashed lines indicate the codon usage for single prolines. p value < 2.2e−16, chi-
squared test. c Codon usage for amino acids in the +1-position downstream CCC/CCU (cyan) or CCG/CCA (orange) encoded single prolines. p value <
2.2e−16, chi-squared test. d Correlation between proline codon usage in PP-motifs and translation efficiency from least efficiently translated proteins (dark
blue) to most efficiently translated proteins (yellow). The dashed lines indicate the codon usage for single prolines. e Difference between proline codon
usage of PP-motifs in the peak region (light blue, amino acids 49–59 from the TMH start where PP-motifs are enriched to facilitate the efficient insertion of
TMH into the membrane) and TMHs (blue; transmembrane helices in which PP-motifs are depleted for proper folding of transmembrane segments11.
p value= 0.13, chi-squared test. f Proline codon usage in PP-motifs in the first 50 codons (light orange) compared with the rest of proteins (orange).
p value= 2.14e−7, chi-squared test.
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Fig. 3 Codon usage in PP-motifs of different pausing strength. Pausing strength of PP-motifs depends on the upstream amino acid context11,20,22

resulting in weak, intermediate, and strong pausers. The pausing strength resulting from amino acid context is indicated by colored bars (no pausing—
white; weak pausing—green; intermediate pausing—yellow; strong pausing—red). Codon usage in differently strong pausing motifs is shown for CCG (a),
CCC (b), CCU (c), and CCA (d) codons. The difference is significant according to chi-squared test, p value= 4.2e−3.

Fig. 4 The His-pausing system for in vivo measurement of pausing strength. a Architecture of the histidine biosynthesis operon in E. coli. In its native
state, the histidine biosynthesis gene cluster (hisGDCBHAF) is regulated by the His-leader peptide (hisL). This peptide contains seven consecutive
histidines. At high histidine/histidyl-tRNA levels, translation efficiently proceeds through the His-leader peptide, resulting in the formation of an attenuator
stem loop (red) that prevents transcription of the downstream genes. At low histidine and histidyl-tRNA levels translation is slowed down allowing for
transcription and translation of the structural genes and synthesis of histidine (green). b Architecture of the His-pausing operon. An engineered His-leader
peptide (hisL*) precedes the structural genes of the lux operon (luxCDABE). Here, His1 through His4 are exchanged by artificial sequence motifs (XXXX). In
case of non-consecutive proline motifs (e.g., RPAP) there is no pausing, resulting in the formation of an attenuator stem loop (red) that prevents
transcription of the downstream genes and low light emission. In the presence of motifs that contain consecutive prolines (e.g., RPPP) translation is slowed
down allowing for transcription and translation of the structural genes and thus increased light emission (green). c Maximal luminescence emission at PP-
motifs with increasing pausing strength. HisL*_Lux operons carrying a stop codon at the position corresponding to His4 (HHH*), non-consecutive (RPAP)
or consecutive prolines of varying known pausing strength at the hisL* position (Weak: TPPP; green. Intermediate: FPPP; yellow. Strong: RPPP; red) were
chromosomally integrated in E. coli BW25113 and tested for maximal luminescence emission. Threonine, phenylalanine, and arginine were encoded by ACC,
TTT, and CGC, respectively. CCG was used as proline codon in all constructs. n= 12, Error bars indicate 95% confidence intervals.
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conclude that ribosome pausing induced by strong stallers is
comparable to a stop caused by a termination signal.

Of particular interest is, that the measurements were conducted
in an E. coli wild-type strain where stalling at consecutive prolines
is alleviated by EF-P14. Thus, we have a tool in hand to determine
pausing strength in vivo. Using the system, we unambiguously
demonstrate that the burden associated with PP-motifs is an
inherent translational feature and explains the strong selective
pressure causing the proteome shaping11.

Codon choice modulates pausing strength at consecutive pro-
line motifs. To investigate whether the statistical tendencies of
codon usage in PP-motifs can be attributed to physiological dif-
ferences we conducted a systematic in vivo analysis. To this end
we constructed a series of 4 × 4 HisL*_Lux reporter strains
(Fig. 5a and Supplementary data file S3). Utilizing the strong
pauser RPPP, CCG, CCA, and CCU were indistinguishable from
each other, each producing a maximal light output of over
525,000 RLUs (Fig. 5). Only with CCC codons we found around
1.2-fold reduced maximal light emission. When testing a motif
with intermediate strength (FPPP) a different pattern was
obtained. In this case, CCU stretches produced significantly more
light than the other codons, whereas emission using CCG was
significantly decreased. CCC and CCA ranged in the middle of
both. Interestingly, the most pronounced effect of codon choice
on pausing strength occurred with the weak pauser TPPP. The
luminescence with TPPPCCA was significantly elevated by at least
threefold compared to the strains encoding TPPPCCC, TPPPCCG,
or TPPPCCU. Notably, such an increase is equivalent to a step in
the pausing strength from weak to intermediate pausing (Figs. 5b
and S3A). This result is also in perfect agreement with our gen-
ome scale analysis (Fig. 3a–d) and explains the strong selection
against CCA in weak pausers. On the other hand, the bias in favor
of CCA in intermediate and strong pausers might be attributed to
a regulatory role that requires a further slowdown of translation.
To exclude that the observed effects derive from mRNA structure
alterations, we conducted another analysis utilizing a second
reporter series XPPP with X being N (AAC) for weak, L (CTG)
for intermediate and W (TGG) for strong22 (Fig. S3B, C).
Expectedly, the activities are congruent with the T/F/RPPP
derived data including the CCA effect in the weak pausing con-
text. Taken together, these results demonstrate that codon choice
in PP-motifs is capable of influencing ribosome pausing.

tRNA abundance influences pausing strength at all proline
codons. The variations in proline codon bias of PP-motifs of
varying strength, particularly the one of CCA, raised the question
whether tRNA abundance might contribute to pausing strength.
In E. coli, three tRNAs—ProK, ProL, and ProM—are responsible
for decoding of proline codons (Fig. 1). ProM represents a general
tRNA that is capable of recognizing them all33, while ProL and
ProK are more specialized and decode CCC/U and CCG,
respectively5. These differences have a quantitative effect on the
reading probabilities of the individual codons. Taking the copy
numbers of ProK (900/cell), ProL (720/cell), and ProM (580/cell)
into account, CCG has the highest number of the corresponding
tRNAs (900+ 580= 1480/cell)34 and thus matches very well to
the general codon usage in the E. coli genome, where more than
50% of all prolines are encoded by CCG (Fig. 2). CCA is the other
extreme, being recognized solely by ProM and accordingly only
580 tRNA copies per cell are available for translation.

To assess an effect of prolyl-tRNA copy numbers on pausing
strength, we unbalanced the native ratios in favor of either ProK,
ProL, and ProM (ProX++) by ectopically expressing them
from PproL. Beforehand, the 5′ upstream sequences of proK (5′proK),
proL (5′proL), and proM (5′proM) were tested on promoter activity,
by generating an artificial operon with lacZ (Fig. 6a). As expected,
no β-galactosidase activity could be measured when utilizing
5′proM, as proM is part of the argX polycistronic operon
(argX_hisR_leuT_proM)35,36. From the remaining two regions—
5′proK and 5′proL—the latter gave a higher reporter signal and was
therefore chosen as constitutive promoter for all three prolyl-tRNAs.

The effect of tRNA copy number increase was first assessed in
the four reporter strains which harbor a HisL-TPPP variant each
encoded by a series of one of the four distinct proline codons
(TPPPCCG, TPPPCCC, TPPPCCU, TPPPCCA) (Fig. 6b). The CCG-
specific ProK had a positive but only mild influence on pausing
strength, solely when translating TPPPCCG. One plausible
explanation is that the native copy number of 900/cell is already
close to saturating levels and accordingly overexpression does not
substantially add to pausing strength reduction. With ProL we
observed significantly reduced pauses when testing TPPPCCC and
TPPPCCU, being again in line with the tRNA codon specificity.
Interestingly, an increase in copy number of the general tRNA
ProM had no major impact on reporter activity of the
TPPPCCG=C=U strains, indicative of a selection in favor of the
more specialized tRNAs (ProK and ProL). Conversely, we saw a

Fig. 5 Codon-dependent pausing strength at weak, intermediate, and strong PP-motifs. a Genomic organization of the HisL*_Lux reporter. Synthetic His-
Leader peptides (HisL*) preceding the lux genes (luxCDABE) were genomically integrated at the his-locus. In hisL*, His1 one was replaced by a variable
amino acid (X) to modulate pausing strength16. His2 through His4 were replaced by proline. In this regard several reporter strains (Supplementary data file
S3) were generated with hisL* varying in the proline codon usage and are denoted as XPPPCCN where the underlined X designates the preceding amino acid
and the bold N designates the wobble base used for encoding the proline residues. b HisL*_Lux carrying PP-motifs of varying pausing strength (weak—
TPPP: green; intermediate—FPPP: yellow; strong—RPPP: red) with different proline codon usage were chromosomally integrated in E. coli BW25113 and
tested for maximal luminescence emission. n= 12, Error bars indicate 95% confidence intervals. Data for CCG codons are duplicated from Fig. 5 for better
overview. Statistically significant differences according to unpaired two-sided t-tests (p value < 0.05) are indicated by asterisks.
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3 EF-P and its paralog EfpL (YeiP) differentially control translation of 
proline-containing sequences 
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4 Concluding discussion and outlook 
 

The translation process is an intricate system involving various players that either facilitate or 

impede ribosomal progression. Proline pairs are notoriously challenging to translate, often 

causing ribosome stalling50-52. Despite the associated translational burden, their frequent 

occurrence in nature suggests a selective advantage that outweighs these challenges17. This 

advantage has even driven the evolution of specialized factors, which assist in the efficient 

translation of polyproline sequences. The unique structural and functional properties of 

polyprolines contribute to this evolutionary benefit, as they play critical roles in protein 

architecture and function14,15,17,55,56,58. The structural and biochemical data presented here 

contribute to a better understanding of ribosome stalling and its alleviation by distinct factors. 

4.1 The nature of stalling motifs 
The efficiency of proline incorporation into the nascent peptide chain is not solely determined 

by the presence of certain polyproline motifs. It is also influenced by the specific codons used 

to encode proline and the availability of cognate tRNAs (Chapter 2). In E. coli, proline is 

encoded by four codons (CCA, CCC, CCG, and CCU) (Fig. 2), each of which is recognized by 

distinct tRNAs with varying cellular abundances128. Bioinformatic analyses have revealed 

different codon usage between single and consecutive prolines (Fig. 6A), namely a selective 

pressure against the use of certain proline codon pairs, such as CCC/U-CCC/U, which are 

prone to inducing frameshifting129,130 and translational delays50. In contrast, codons such as 

CCG are overrepresented in polyproline motifs due to their association with faster translation 

rates and higher levels of the corresponding tRNAs131. Both overexpression and deletion of 

the tRNAs proK, proL, and proM affected translation efficiency at their respective codons 

(Chapter 2). The most substantial effect was observed with proL on the CCC codon, likely due 

to its GGG anticodon and slow translation rates at CCC and CCU. Overexpression of proL 

improved decoding of CCC, suggesting potential benefits for heterologous expression of GC-

rich genes. In contrast, proM recruitment appeared rate-limiting for CCA decoding, but its 

overexpression had minimal effects on other codons due to transcriptional inefficiencies and 

weak codon-anticodon interactions. This codon-tRNA interaction plays a pivotal role in 

regulating the speed of translation, with certain codons leading to slower translation rates and 

an increased likelihood of ribosomal stalling.  

Synonymous codons for a given amino acid are not used equally, even though they are 

functionally equivalent in terms of protein structure132 (Fig. 2). The theory of codon bias 

suggests a correlation between codons and their corresponding isoaccepting tRNAs, where 

favorable codons correspond to the most abundant and efficient cognate tRNA131,133,134. While 

the tRNA abundance is relevant to proline (Chapter 2), incorporation velocity appears to be 
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the more decisive factor. The CCC codon is rarely used in E. coli, because it exhibits the lowest 

efficiency in interacting with the prolyl-tRNA–EF-Tu–GTP ternary complex, resulting in slower 

recruitment during translation50. The selective codon usage for proline not only helps to 

optimize translation efficiency but also serves as a regulatory mechanism to modulate protein 

copy number in response to cellular demands (Chapter 2). Proline-rich sequences are often 

strategically localized within proteins, frequently occupying key regulatory regions or domains 

where translational pausing provides functional advantages17. Notably, an accumulation of 

polyproline motifs can be found within the N-terminal 50 residues of the coding regions17, 

where varying codon usage allows for fine-tuning of translation, to enhance precise regulation 

of protein synthesis. Ribosomes can initiate translation on mRNA at intervals of 1–3 

seconds135,136, and a low translational ramp at the start of the ORF may act as a delayed phase 

of translation initiation. This mechanism effectively reduces ribosomal traffic congestion and 

lowers the energy cost of protein biosynthesis137-139. Under optimal growth conditions, E. coli 

ribosomes translate at a rate of 42-51 nucleotides per second, while the leading RNA 

polymerase transcribes at a similar rate of 42-49 nucleotides per second140. Transcription and 

translation are tightly coupled in many bacteria, with the ribosome appearing to modulate the 

pace of the RNA polymerase140. However, a controlled uncoupling of transcription and 

translation can also be utilized for gene regulation, as seen for the biosynthesis of tryptophan141 

or histidine biosynthesis51. In these cases, stalled ribosomes and prolonged translation 

promote the formation of different mRNA secondary structures, which regulate the expression 

of the downstream genes51,141. 

This attenuation mechanism in the histidine biosynthesis operon has been further utilized to 

develop an in vivo system for quantifying translational pausing and assessing the effects of 

codon choice and tRNA abundance on translation efficiency (Chapter 2). The system enables 

the measurement of ribosome stalling in living cells and represents a powerful approach to 

evaluating the translational challenges posed by specific sequences. Ribosome pausing 

induced by strong stallers was comparable in severity to a complete stop caused by a 

termination signal, highlighting the significant impact these sequences have on translation. 

This phenomenon was studied in a wild-type E. coli strain, where EF-P alleviates stalling at 

consecutive prolines, providing a native context to assess ribosome pausing29. These analyses 

demonstrated that the translational burden associated with PP motifs is not an anomaly but 

rather an inherent feature of the translation machinery. The difficulty in decoding these motifs 

imposes substantial selective pressure on the proteome, influencing codon usage and shaping 

protein composition. This intrinsic challenge explains why proline-rich motifs are rare in the 

genome and underscores the evolutionary adaptations, such as EF-P, that have evolved to 

mitigate these obstacles.  
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Figure 6: Codon usage in proline-containing motifs 

Sequence logos142 of the E. coli codon usage in proline-containing motifs. With proline in P-site, with X can be all 

amino acids, but proline, and with Y can be all amino acids, including proline. (A) P-site codon of non-consecutive 

proline in XPX (left) and P-site codon of polyproline in XPnX (right) (Chapter 2&3). (B) E-site codon in stalling motifs 
XPY targeted by EF-P, with guanidine overrepresentation at first position (Chapter 3). (D) A-site codon in YPX 

targeted by EF-P (Chapter 3). 

4.1.1 EF-P dependent stalling motifs 
EF-P promotes translation by interacting with several components of the stalled ribosome, 

including the 23S rRNA near the peptidyl transferase center70, specific nucleotides of the 16S 

rRNA, and the anticodon stem of the P-site tRNA70,71. Notably, EF-P's retention time on the 

ribosome is modulated by the strength of the stalling motif and its dissociation rate143. EF-P 

rapidly scans for available ribosomal E-sites and can bind to any ribosome containing a P-site 

tRNA, irrespective of the ribosome's functional state143. This flexible binding enables EF-P to 

engage with a range of ribosomes, positioning itself to address potential translation stalls 

efficiently. EF-P was found to bind to the ribosome during many or most elongation cycles, 

which exceeds the number of polyproline motifs in E. coli144. As already shown for eIF5A74, our 

ribosome profiling analysis in E. coli revealed an extended ribosome stalling arrest sequence 

spectrum beyond the canonical polyproline motifs that EF-P resolves (Fig. 7A) (Chapter 3). 
Other than the polyproline motifs, which show considerable overlap with IF5A motifs, EF-P 

appears to resolve different non-consecutive proline arrest motifs (Fig. 7). For S. cerevisiae, 

the top 29 IF5A-dependent tripeptide stalling motifs revealed a consensus sequence enriched 
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for proline or aspartate in the E- and P-sites and proline in the A-site, with glycine showing 

modest enrichment across all three sites. Interestingly, despite the prominent role of proline in 

the consensus sequence, 18 of these 29 motifs do not contain a PP combination74 (Fig. 7B). 
For E. coli, we successfully reproduced the findings from previous ribosome profiling analyses 

for EF-P dependent PP stalling motifs and additionally extended the list of EF-P targets by 

motifs without consecutive prolines, comprising 12 of the top 29 motifs. Like the IF5A 

consensus sequence, proline and aspartate were found to be enriched in the E- and P-site, 

while proline and asparagine were prominent in the A-site (Fig. 7A). 

The amino acid context influences the ability of EF-P to alleviate ribosome stalling145 (Chapter 
2&3). Our data indicate that EF-P’s rescue efficiency is highest for weak stalling motifs and 

diminishes for stronger stalls. This suggests a hierarchal mechanism of rescue efficiency, 

where EF-P operates most optimally under conditions of mild stalling. Interestingly, EF-P was 

also observed to induce stalling at certain non-stalling motifs, presumably by blocking tRNA 

translocation to the E-site (Chapter 3). This supports the idea that EF-P binds to every free E-

site ribosome irrespective of the sequence but remains bound only when interacting with a 

prolyl-tRNA in the P-site143.  The dual functionality highlights EF-P's complex role in translation. 

While binding can be advantageous for resolving stalling motifs, it may be detrimental at non-

stalling sequences, which could unnecessarily slow down translation. Notably, not all proline-

containing motifs rely on EF-P, emphasizing that binding and alleviation are context-

dependent. Whether EF-P-induced ribosome pausing at non-stalling motifs serves a regulatory 

function remains an open question, suggesting a potential additional layer of translational 

control. 

 

Figure 7: Stalling motifs dependent on EF-P or IF5A 

Top 29 arrest motifs associated with ribosome pausing dependent on (A) EF-P in E. coli BW25113 determined by 

PausePred146 (Chapter 3) or (B) eIF5A in S. cerevisiae cells with pause score greater than 1074. Red-marked motifs 

show EF-P and IF5A overlap. 
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4.1.2 The E-site codon in stalling motifs 
Besides binding to the prolyl-tRNA and the ribosome, EF-P interacts with the mRNA, which 

varies according to the arrest motif145 (Chapter 3). When EF-P binds to the ribosome, it 

interacts with the first and second positions of the E-site codon via residues G144–G148 in the 

first loop of domain III, with D145 and T146 forming specific contacts31. The E-site codon has 

no effect on EF-P association but modulates its dissociation rate143. Our data suggest that 

codons with guanosine in first position (GNN) induce a particularly strong EF-P-dependent 

translational arrest in XP(P)X motifs, as we found predominantly aspartate (4x), glutamate (3x), 

valine (3x), or glycine (1x), if it is not proline (12x) in the first position of the strongest EF-P 

dependent stalling motifs (Fig. 6&7). With guanosine, EF-P binding to the mRNA at the E-site 

codon could extend up to residue G151, potentially engaging the entire domain III loop 

(Chapter 3). These additional interactions may affect EF-P dissociation from the ribosome and 

can therefore be a regulatory element of the ribosome pausing. The codon-specific interactions 

between EF-P and proline-rich sequences offer promising potential for synthetic biology, as it 

harbors the capability to predict and control ribosome stalling through codon choice. It was 

shown that translation can be tuned at the codon level, directly impacting translation efficiency 

and protein copy number in bacteria (Chapter 2). 

4.2 The novel translation factor EfpL 
Most eukaryotes and some prokaryotes possess multiple isoforms of IF5A30,147 or EF-P 

(Chapter 3), highlighting the evolutionary importance of translational control and providing 

flexibility in managing ribosome stalling. In some bacteria, the EF-P paralog EfpL was found 

(Chapter 3). Both factors share overlapping functions, particularly in resolving translation stalls 

at XPX motifs, ensuring the efficient synthesis of proteins under varying cellular conditions. 

This functional overlap likely provides a fail-safe mechanism, allowing one factor to 

compensate for the loss or reduced activity of the other. Like EF-P, EfpL contains a three-

domain structure, with the C-terminal OB-domain playing a key role in ribosomal interactions 

and our high-resolution structure revealed that EfpL has a prolonged loop. EfpL was found 

predominantly in Proteobacteria of the γ-subdivision, but also in Acidobacteria, 

Thermodesulfobacteria, and the Planctomycetes-Verrucomicrobia-Chlamydiae-group (PVC-

group), mainly together with the EpmA-type EF-P (Fig. 8). Phylogenetic analysis linked EfpL 

most closely to the EF-P group activated by α-rhamnosylation, raising questions about the 

evolutionary origin of EfpL. We propose that an early form of EfpL emerged following gene 

duplication and sequence diversification, providing enhanced functionality for resolving XPX 

arrest motifs. Further evolutionary events, including the reduction of the loop and recruitment 

of the modifying enzyme EarP, refined the function of EF-P. However, our structural and 

functional analyses indicate that EfpL has diverged from EF-P in its specific function during 

translation. Through ribosome profiling, we have uncovered that EfpL alleviates stalling at a 
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subset of EF-P-dependent stalling motifs with an overrepresentation of DPA, PPV, and DPN, 

but excels in ribosome rescue at specific genes, including metabolite interconversion enzymes, 

transporters, metabolism proteins, transcriptional regulators and modifying proteins. In 

nutrient-rich conditions, EF-P appears critical for maintaining growth, while the role of EfpL 

becomes more apparent under specific nutrient contexts. When glucose was provided as the 

primary carbon source, population dynamics shifted, suggesting a nutrient-dependent function 

for EfpL. Translation serves as a dynamic process that enables cells to adapt to internal and 

external changes148,149. Comparative studies suggest that bacteria possessing both EF-P and 

EfpL tend to grow faster than those lacking EfpL (Chapter 3). This suggests that EfpL provides 

a distinct selective advantage by enhancing translational efficiency and serves as a regulatory 

element in rapidly changing environments.  

 

Figure 8: Distribution of EfpL, EF-P, and modification enzymes 

Distribution of EF-P with corresponding modification enzymes and EfpL in bacteria of multiply aligned 5448 

sequences of KOW-like domains of proteins with three domains typical for EF-P in a collection of 4736 complete 
bacterial genomes, obtained from the RefSeq database25. The inner chart represents EF-Ps with modification 

enzymes. Approximately 32 % of bacteria encoding for EpmA, indicating a modification of EF-P with (R)-β-lysine, 

while 15 % encoding YfmI, resulting in a modification of EF-P with 5-amino-pentanol. Another 10 % of bacteria have 
EarP that is capable to rhamnosylate EF-P. In around 42 % of sequenced genomes, none of the modification 

systems described were found. The outer ring represents the occurrence of EfpL in addition to EF-P with the 

respective modification enzymes. EfpL is mainly associated with the EpmA-type EF-P (Chapter 3). 
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4.2.1 The role of acylation in EfpL regulation 
The activity of EfpL is modulated by post-translational lysine acylation, suggesting a potential 

role as a sensor of the metabolic state of the cell, linking translation efficiency with cellular 

metabolic conditions. Bacteria dynamically adapt their metabolism to changes in nutrient 

availability, growth conditions, and environmental stresses. Lysine acylation functions as a 

global regulatory mechanism, responding to the energy status of a cell150 and targeting a wide 

array of metabolic enzymes to influence their activity151-153. In E. coli, the concentrations of 

acetyl-CoA levels vary between 200–600 μM and can be measured up to 610 μM in 

exponentially growing glucose-fed cultures154,155. The concentration of acetyl-CoA is closely 

tied to the metabolic state of the cells, peaking during the exponential growth phase and 

decreasing as the cells transition to the stationary phase156. 

With at least four lysine modification sites for acetylation, malonylation, and succinylation, EfpL 

is among the most heavily acylated proteins in E. coli157-160 (Fig. 9). Interestingly, eIF5A was 

found to undergo phosphorylation and acetylation, possibly influencing its subcellular 

localization161-163. Unlike eIF5A and EF-P, which are modified at the β3Ωβ4 loop within 

domain I to activate their function, EfpL lacks this modification. Instead, EfpL is negatively 

regulated via acylation. The high number of non-enzymatically modified lysine sites contributes 

to significant heterogeneity in EfpL populations. Our in vivo and in vitro analyses showed a 

different degree of deactivation when modifying different lysines (Chapter 3). Furthermore, the 

regulation of EF-P and EfpL activity through post-translational modifications allows bacteria to 

fine-tune their translational machinery in response to metabolic changes. This dynamic 

regulation may enable bacteria to optimize protein synthesis under nutrient-limited conditions 

or during stress responses, further enhancing their adaptability and survival. 

 

Figure 9: EfpL acylation sites 

EfpL (E. coli, pdb: 8S8U) acylation sites at lysines K23, K40, K51 and K57 according to Weinert et al. (2013)160, 

Weinert et al. (2013)158, Kuhn et al. (2014)157 and Qian et al. (2016)159 and acylation types for non-enzymatic lysine 
modification at these positions are depicted. 
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4.2.2 EfpL in Vibrio species 
In Enterobacteria, the four acylation sites identified in E. coli EfpL are largely conserved but 

exhibit less conservation in Vibrio species. Additionally, expression levels of EfpL in 

Vibrio campbellii are higher than in E. coli, and both in vitro as well as in vivo comparisons 

showed that V. campbellii EfpL has superior ribosomal rescue efficiency. Despite this 

enhanced efficiency, deleting efp or efpL alone in V. campbellii did not impact growth, but 

deleting both genes reduced growth severely, indicating that these factors can compensate for 

each other. This compensatory behavior, also observed in Vibrio natriegens, suggests a 

broader and potentially more critical role for EfpL in ribosomal rescue within Vibrio species, 

suggesting distinct regulation patterns in Vibrionales compared to Enterobacterales (Chapter 
3). For Vibrio species, including the human pathogens Vibrio cholerae and 

Vibrio parahaemolyticus, the aquatic animal pathogens V. campbellii and Vibrio anguillarum, 

as well as the fastest growing bacterium V. natriegens, efficient translation, and rapid adaption 

to changing metabolic environments are essential for survival and competitiveness. This may 

be related to the altered regulation and improved function of EfpL in Vibrio species. Analyzing 

EfpL across different bacteria may reveal additional ribosome stalling motifs, new mechanisms 

of EfpL regulation, and unique interactions between EF-P and EfpL. 

4.3 Interplay of different translation factors 
The efp gene can be deleted in most bacteria, but notable exceptions include 

Neisseria meningitidis164, Acinetobacter baumannii165, and Mycobacterium tuberculosis166. 

Interestingly, the proteome of M. tuberculosis contains over 420 proteins with at least three 

consecutive prolines, accounting for more than 10% of the proteome98. The proportion of 

proteins with three or more consecutive prolines exceeds 10% in humans, where eIF5A is 

essential29,58. The abundance of polyproline-containing proteins could be an explanation for 

the importance of EF-P for the survival of certain bacteria. Alternatively, the translation of 

species-specific essential proteins could depend on EF-P, making the factor obligatory rather 

than selecting against polyproline stretches in bacteria98,167.  

Our discovery and characterization of EfpL may provide another explanation: N. meningitidis, 

A. baumannii, and M. tuberculosis encode only for EF-P and not for EfpL. In the case of E. coli 

and Vibrio species, EfpL can partially or completely take over EF-Ps function, making EF-P 

dispensable. Moreover, efp and efpL can be both deleted in E. coli, V. campbellii and 

V. natriegens, resulting in a growth-deficient strain, which can be further explained by the 

existence of other proteins that alleviate ribosome stalling at proline-rich sequences (Chapter 
3). EF-P is an ancient translation factor that existed before the divergence of bacteria, 

eukaryotes, and archaea103. Proline, along with amino acids encoded by GNN codons (Fig. 2) 
can be synthesized under primordial conditions168. This suggests that EF-P/IF5A initially 

played a vital role in facilitating proline-containing peptide bond formation in the P-site, with the 
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ability to interpret E-site codons via a second OB-domain offering an evolutionary advantage. 

After the divergence, IF5A adopted a more generalized role in translation and underwent 

structural refinements74,88,169. Today, eIF5A ranks among the top 50 most highly expressed 

genes in S. cerevisiae or HeLa cells170, with expression levels comparable to those of 

ribosomes171. EF-P's more specialized role in bacteria likely led to the evolution of other factors 

to support translation in diverse environments. These proteins share some structural similarity 

and comparable charge distribution with EF-P143. The ABCF ATPases consist of two 

nucleotide-binding domains (NBDs), the interdomain linker sequence, and C-terminal 

extension (CTE). The interdomain linker, in particular, can rearrange the architecture of the 

peptidyl transferase center (PTC) and influence the positioning of the tRNA within the P-site, 

thereby contributing to their functional versatility114. Furthermore, YebC is composed of three 

domains. Domains I and II are particularly noteworthy for their positively charged surface 

patches, associated with RNA-binding sites, underscoring their potential role in RNA 

interactions. In contrast, domain III exhibits a highly negatively charged surface, which may 

contribute to its specific functional or structural interactions within the cellular environment115.  

4.3.1 Regulation of translation factors 
In E. coli four proteins are described to alleviate ribosome stalling at proline-rich sequences: 

EF-P29, the ABCF ATPase Uup114, and the YebC family proteins YebC and YeeN (YebC2)115. 

We could add and characterize another protein, the EF-P paralog EfpL (Chapter 3). The ability 

of these factors to bind stalled ribosomes underscores the importance of their regulation and 

interplay. A single deletion of uup, efp, or efpL, as well as combined double deletions in E. coli, 

were compensated for by the existence of the other systems, but growth phenotypes of 

different strengths were observed. We were unable to construct a triple deletion mutant 

comprising uup, efp, and efpL unless one of the genes was reintroduced in trans (Chapter 3). 
In E. coli EfpL, YebC, YeeN (YebC2), and Uup are low abundant, with 10-100 times less 

proteins per cell than EF-P172 (Fig. 10). This suggests that EF-P is the major ligand for free E-

site ribosomes in E. coli. The overrepresentation of EF-P, however, could be altered by various 

environmental conditions, allowing other factors to take precedence. With varying ATP 

concentrations in the cell, the function of Uup is influenced124. ATP levels closely reflect 

changes in metabolic activity, physiology, and adaptive responses to diverse environmental 

conditions and stresses173-175. Together with the interdomain linker of Uup, the ATP hydrolysis 

coupled structural rearrangement is pivotal for handling polyproline motifs114. This dynamic 

interplay between ATP levels and Uup function underscores its importance in responding to 

cellular needs. Similarly, EfpL activity is closely tied to the metabolic status of the cell, reflecting 

its role as a responsive regulator within the translation machinery. Its activity is negatively 

influenced by non-enzymatic acylations, a form of post-translational modification that likely 

arises under specific metabolic or environmental conditions (Chapter 3). The non-enzymatic 
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acylation of EfpL may serve as a protective strategy, temporarily downregulating its activity 

during periods of metabolic imbalance or environmental challenge. This flexibility allows EfpL 

to act as an important adaptive factor, enabling cells to respond effectively to fluctuations in 

their environment and ensuring the robustness of the translation system under diverse 

conditions. Conversely, the modification at the β3Ωβ4 loop in EF-P is, in most cases, important 

for the function and activity. These modifications exhibit great diversity, ranging from lysine-b-

lysylation83,93,97,176,177 to lysine-5-amino-pentanolylation99,100 to arginine-rhamnosylation80,106 

(Fig. 5). Each of these modifications is mediated by specialized enzymatic systems. Many 

EF-Ps remain still uncharacterized, and it is likely that not all modification systems have yet 

been discovered. For instance, a deoxyhypusine synthase gene of crenarchaeal origin was 

found to be horizontally transferred into some bacterial groups178,179. This raises the possibility 

that EF-P could be modified through a similar pathway seen in archaea. Furthermore, different 

EF-P subgroups feature extraordinary amino acids at the tip of the functionally significant 

β3Ωβ4 loop, like methionine, threonine, asparagine, and glutamine (Chapter 3). These 

changes can contribute to variations in the structural flexibility of EF-P, thereby modulating the 

interaction of EF-P with ribosomal machinery and affecting its functional efficiency.  

EF-P and EfpL were found to alleviate stalling at a similar motif spectrum, including not only 

polyproline sequences but also motifs likely containing an amino acid beginning with 

guanosine paired with a proline at the P-site (Chapter 3). A yebC deletion mutant in 

S. pyogenes exhibited ribosome stalling at sequences containing PP, PXP, or DXP118. In 

B. subtilis, YebC2 was reported to alleviate stalling at five consecutive prolines115, while YfmR 

was shown to resolve stalling at five consecutive prolines125 and aspartate-proline-containing 

motifs117. Uup enhanced the translation of ten consecutive prolines, but less efficient than EF-P 

in E. coli114. Additionally, our novel finding that EF-P and EfpL themselves can induce ribosome 

stalling adds to the complexity (Chapter 3). XPX motifs, like VPW and IPI, can be EF-P- and 

EfpL-dependent stalling motifs (Fig. 7), but for example, APH showed an increase in pausing 

strength when overexpressing these factors. This suggests that EF-P and EfpL, by 

occasionally obstructing tRNA translocation to the E-site, may cause pauses at non-stalling 

XPX motifs. Additionally, ribosome profiling data revealed that EF-P might sometimes bind 

non-productively. These binding events became more frequent and severe when EfpL was 

overexpressed in an EF-P-deficient background, indicating that EF-P and EfpL structurally 

differ in aligning and stabilizing the P-site prolyl-tRNA (Chapter 3). The presence of both EF-P 

and EfpL may thus allow gene-specific modulation of translation speed, as inducing ribosome 

pausing could allow time for processes such as protein folding or membrane insertion15. 
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Figure 10: Translation factors protein copies per cell 

Quantitative proteome analysis of E. coli grown in Lysogeny Broth for EF-Tu and the different proline-mediated 

ribosome stalling rescue factors: EF-P, YeeN (YebC2), EfpL, YebC and Uup analysed by Schmidt et al.172. 

4.3.2 The redundancy of ribosome rescue factors 
Inefficient binding of one factor can block the ribosome, preventing other potentially more 

effective factors from alleviating stalling. Ribosome binding appears to occur randomly, 

primarily requiring an empty ribosomal E-site143. Differences among the factors, such as the 

motifs they target, their interaction efficiency with P-site tRNA, modification status, or cellular 

concentration, could affect their capacity to relieve the stalling. While the factors seem to target 

a similar range of stalling motifs114,115,117,125, EF-P, and likely EfpL, also interact with the mRNA 

at the E-site codon145 (Chapter 3). Additionally, the different structures and interaction sites 

alter protein function and influence the binding and alleviation of stalling, furthermore, assisted 

or impeded by post-translational modifications, as shown for EF-P80,83,95,101,103 or EfpL (Chapter 
3). The lysylation of EF-P was found to enhance the ribosome association rate and stabilize 

EF-P for the target support in peptide bond formation143. A simultaneous ribosomal association 

of two factors binding to the E-site of the ribosome is impossible117, which is why the 

concentration of the factors in the cell plays an important role. Different bacteria exhibit varying 

compositions of proline-mediated ribosome rescue factors. B. subtilis, for instance, encode for 

5-amino-pentanolylated EF-P99, YebC2115 and YfmR125 but lacks EfpL The proteome of 

V. campbellii contains lysylated EF-P180, YebC2115,118, Uup116, and EfpL, with efpL expression 

levels similar to that of efp, unlike in E. coli (Chapter 3). This raises the question of whether 

the composition and concentration of these factors can be linked to the translation efficiency 

and, thus, the growth rate. We could already detect a positive correlation between EfpL being 

present and a higher growth speed in bacteria (Chapter 3).  

The presence of four or more factors capable of binding to a ribosome with an empty E-site 

may lead to competition among them (Fig. 11). Different studies have shown that the factors 

work independently and can compensate for each other115 (Chapter 3). Another work 
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described a strong generic interaction between efp and yfmR, suggesting for supporting 

functions117. The authors assumed that EF-P could bind first, positions the prolyl-tRNA at the 

P-site and YfmR then resolves the stalling. They justify this by the fact that an unmodified EF-P 

variant, that cannot resolve stalling at polyprolines, is clearly able to support YfmR. Another 

hypothesis proposed for the cooperation of EF-P and YfmR is that EF-P could have an 

additional, yet unknown function, that does not require modification but involves an interaction 

with YfmR instead117. A broader role in translation elongation, specifically in ribosome-

associated quality control, was already described for eIF5A75. 

Moreover, the translational initiation rate influences the effect of ribosome stalling, with highly 

expressed proteins being more dependent on EF-P181. Misregulation of translation has 

widespread effects on cellular processes. For instance, a reduced translation rate increases 

the likelihood of RNA polymerase backtracking, which in turn lowers the frequency of head-on 

collisions between RNA polymerase and the replication machinery182. Additionally, ribosome 

collisions would rapidly occur without factors that can facilitate the translation of hard-to-

translate sequences. Upon ribosome collisions, the protein SmrB would be recruited and 

activated to cleave the mRNA sequences upstream of the stalled ribosomes, enabling the 

rescue factor tmRNA to release the stalled ribosome183. Since E-site binding ribosome rescue 

factors, like EF-P or EfpL, generally engage stalled ribosomes first, they help alleviate more 

transient stalls, especially those caused by specific sequences. When they fail to resolve the 

stall effectively, tmRNA or ArfA/ArfB step in as secondary rescue mechanisms22. Protein 

biosynthesis is the most energy-intensive process in cellular proliferation, with ribosomal 

translation alone estimated to consume approximately 50% of the energy in a rapidly growing 

bacterial cell184. This could explain why this variety of ribosome rescue factors exists. EF-P, 

EfpL, and other E-site binding factors handle sequence-specific stalls, while trans-translation 

and ArfA/ArfB resolve more terminal or unresolvable pauses22. The complementarity 

underscores an efficient and adaptable bacterial ribosome rescue system. By balancing the 

different rescue factors, bacteria could manage various stalling events efficiently, maintaining 

translation fidelity and allowing ribosomes to focus on productive protein synthesis. 

Further research into how different bacterial species utilize ribosome rescue factors has the 

potential to provide profound insights into the evolution of translational machinery. Such 

studies could illuminate how organisms have fine-tuned their rescue systems to overcome 

specific environmental or metabolic challenges, offering understanding of the adaptive 

strategies employed across diverse ecological niches. The analyses of EF-P and its paralog, 

EfpL, revealed already the nuanced role of evolutionary pressures in shaping translational 

efficiency, particularly in managing ribosome stalling at proline-containing motifs (Chapter 3). 
This regulatory mechanism underscores how subtle variations in translational dynamics can 

influence cellular fitness. Differential stalling strength observed based on codon choice and the 
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amino acid context not only highlights the complexity of translation but also demonstrates how 

natural selection acts at a molecular level to optimize translation for fitness, pathogenicity, and 

adaptability (Chapter 2). Moreover, the diversity in ribosome rescue strategies across bacterial 

species underscores that the translational machinery is a highly adaptable and evolvable 

feature of the cell. Continued study of EF-P, EfpL, and other ribosome rescue factors will likely 

uncover additional layers of regulation, revealing how organisms balance the trade-offs 

between speed, accuracy, and energy efficiency in protein synthesis.  

 

Figure 11: Potential E-site ribosome binding proteins 

Depicted are EF-P (E. coli; pdb: 6ENU), EfpL (E. coli; pdb: 8S8U), ABCF ATPase Uup (E. coli; Alphafold prediction), 

and the RNA binding protein YeeN (YebC2) (E. coli; Alphafold prediction) as potential free E-site binding ribosome 
rescue factors, when translation stalls at proline-rich sequences.  

4.3.3 The underlying potential of the translation factors 
Beyond their biological roles, EF-P and EfpL hold promise for applications in biotechnology 

and medicine. The ability to control translation through codon selection and the codon 

interactions EF-P and EfpL mediate offers strategic opportunities for biotechnological 

innovation. By harnessing the precise control mechanisms of EF-P and EfpL, researchers 

could design systems to fine-tune protein expression, optimize metabolic pathways, and 

enhance the production of valuable biomolecules. Furthermore, targeting EF-P in pathogens 

represents a promising avenue for novel antibiotic development, offering a pathway to combat 

drug-resistant bacterial strains by disrupting their essential translational processes185. EF-P’s 

ability to facilitate peptide bond formation with non-canonical amino acids (ncAAs) expands its 

utility into synthetic biology, where it could play a central role to extend the genetic code57,186,187. 

Intriguingly, EfpL’s structural differences suggest, it could be particularly advantageous for 

incorporating unique ncAAs, potentially improving protein engineering applications.  
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Moreover, introducing EfpL proteins into engineered systems could alleviate translation 

bottlenecks when expressing proteins with complex motifs that typically challenge ribosomal 

processes. This capacity could not only improve yields in industrial-scale protein production 

but also enhance growth rates. EfpL offers the possibility of a functioning rescue system 

without modification enzymes and can, at the same time, be regulated via the metabolism of 

the cell. In summary, EF-P and EfpL exemplify the sophisticated translational control 

mechanisms that enable bacteria to survive in dynamic environments, enriching our 

understanding of microbial adaptation. With their broad applications, from biotechnology to 

antibiotic development, these factors are invaluable in unraveling bacterial translation 

regulation and developing innovative therapeutic and synthetic biology strategies. 
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