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Nomenclature 

All gene names are written in italics, all protein names are written with a first capital letter. Gene deletions 

are denoted with <�=, gene replacements are denoted with <::=. 

The positions of amino acids within a protein are represented using a one-letter code, providing 

information about the location of each amino acid in a primary sequence and amino acid encoded 

(e. g. P35, proline at the position 35). The first methionine of the wild type protein is designated 89199 in 
the amino acid sequence regardless of whether an N-terminal affinity tag is present. The information 

about the amino acid substitution by site-directed mutagenesis is added to the native amino acid position 

in a one-letter code (e.g. V50R, valine was substituted with arginine at the amino acid position 50). 

The prefix <anti-89 followed by the antigen name was used to denote antibodies (e.g. anti- R. v. EF-P 

antibodies). 
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Abbreviations 
 

30S IC      30S initiation complex 

30S PIC     30S pre-initiation complex 

70S IC      70S initiation complex 

aa       Amino acid 

ABCF      F subfamily of ABC ATPase 

A-site      Acceptor-site 

aa-tRNA     Aminoacyl tRNA 

CAT      Chloramphenicol acetyltransferase 

CHL      Chloramphenicol 

DNA      Deoxyribonucleic acid  

dTDP-L-rhamnose  Deoxythymidine diphospho-L-rhamnose 

a/eIF5A     Archaeal/eukaryotic translation initiation factor 5A 

EarP      Protein-arginine rhamnosyltransferase 

EF-G      Elongation factor G 

EF-P      Elongation factor P 

EF-Tu      Elongation factor Tu 

EpmA      (R)-³-lysine ligase; YjeA 

EpmB      Lysine 2,3-aminomutase; YjeK 

EpmC      EF-P hydroxylase; YfcM 

E-site      Exit-site 

GDP      Guanosine diphosphate 

GTPase     Guanosine triphosphatase 

IF       Initiation factor 

mRNA      Messenger RNA 

ORF      Open reading frame 

PGKGP     Pro-Gly-Lys-Gly-Pro (Proline-Glycine-Lysine-Glycine-Proline) 

Pi       Inorganic phosphate 

P-site      Peptidyl-site 

PTC      Peptidyl transfer center 

PTM      Post-translational modification 

RBS      Ribosome binding site 
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RF       Release factor 

RNA      Ribonucleic acid 

RNAP      RNA polymerase 

RRF      Ribosome recycling factor  

SD       Shine Dalgarno 

sfGFP      Super folded green fluorescence protein 

tRNA      Transfer RNA 

tRNAfMet     Initiator transfer RNA 
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Summary 

The incorporation of distinct amino acids into the elongating polypeptide chain can highly influence 

the efficiency of protein synthesis. In particular, consecutive prolines impede translation speed due to 

the delayed formation of the peptide bond between prolines, resulting in ribosome stalling. The rescue 

of stalled ribosomes at consecutive prolines is facilitated by the translation elongation factor P (EF-P) in 

bacteria, and by the archaeal/eukaryotic translation initiation factor 5A (a/eIF5A) in archaea and 

eukaryotes. Although many EF-P orthologs require a specific post-translational modification (PTM) for 

optimal functionality, which have long been considered to be essential, it was recently shown that 

actinobacterial EF-Ps are active without modification. The signature motif of these actinobacterial EF-Ps, 

PGKGP, has also been identified in bacteria of other phyla (PGKGP-subfamily of EF-P). Previous 

structural studies have indicated that the PTM of EF-P in Escherichia coli facilitates peptide bond 

formation during polyproline synthesis. However, the absence of PTMs in certain bacteria suggests that 

the molecular mechanism of EF-P during stimulation of the peptide bond formation remains incompletely 

understood. This work aimed to unravel the functional principles of unmodified EF-Ps during polyproline 

synthesis.  A combination of structural and functional analyses, including the construction of PGKGP-

subfamily EF-P variants using site-directed mutagenesis, screening in E. coli, and proteome and 

structural modelling studies, provided insights into the functional principles of EF-P beyond PTMs. 

Activity studies with EF-Ps containing the PGKGP motif identified the EF-P from Rhodomicrobium 

vannielii as being capable of rescuing translation of the polyproline-containing CadC in E. coli. Mass 

spectrometry analysis of purified R. vannielii EF-P revealed the absence of a PTM, indicating that the 

protein is functional in E. coli in an unmodified state. Additionally, growth and proteome studies 

demonstrated that the deletion of the native efp gene in E. coli can be complemented by chromosomal 

integration of R. vannielii efp. Multiple sequence alignments and activity studies with various EF-Ps of 

the PGKGP-subfamily in E. coli identified three functional important amino acids of unmodified EF-Ps. 

Structural modelling suggests that these amino acids are involved in establishing contacts with the 

ribosome and the tRNA in E. coli.  

Given the lack of knowledge about the motif spectra rescued by unmodified EF-Ps, an in vitro reporter 

system was developed to assess ribosome stalling. The conventional experimental set-up for analyzing 

the ribosome stalling strength of polyproline-containing motifs is time-consuming and hardly allows high-

throughput analysis. The coupling of two reporter genes, encoding a fluorophore and an antibiotic 

resistance, enabled screenings for ribosome stalling based on bacterial fluorescence and survival. The 

reporter can be precisely tuned by the antibiotic resistance system. As no additional equipment is 

required, the reporter system can be easily used in any standard laboratory setting and allows high-

throughput screening. 

In summary, this work provides fundamental insights into the functional principles of unmodified EF-

Ps during translation of polyproline motifs. Furthermore, the basis for the development of unmodified EF-

Ps with potential applications in a biotechnological context was established. 
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Zusammenfassung 

Die Effizienz der Proteinsynthese kann durch den Einbau bestimmter Aminosäuren in die sich 

verlängernde Polypeptidkette stark beeinflusst werden. Insbesondere der Einbau aufeinanderfolgender 

Proline führt zu einer Verlangsamung der Translationsgeschwindigkeit, da die Peptidbindung zwischen 

Prolinen verzögert gebildet wird, was zu einem Translationsstopp führt. Die Aufhebung dieser Stopps, 

der durch aufeinanderfolgende Proline zustande kommt, wird in Bakterien durch den 

Translationselongationsfaktor P (EF-P) und in Archaeen und Eukaryoten durch den 

archaealen/eukaryotischen Translationsinitiationsfaktor 5A (a/eIF5A) gewährleistet. Obwohl viele EF-P 

Orthologe für eine optimale Funktionalität eine spezifische post-translationale Modifikation (PTM) 

erfordern, die lange Zeit als essenziell galten, konnte kürzlich nachgewiesen werden, dass 

actinobakterielle EF-Ps ohne Modifikation aktiv sind. Das charakteristische PGKGP Motiv 

actinobakterieller EF-Ps konnte in Bakterien anderer Phyla nachgewiesen werden (EF-P PGKGP-

Familie). Frühere Strukturstudien haben gezeigt, dass die PTM von EF-P in Escherichia coli die Bildung 

von Peptidbindungen während der Polyprolinsynthese unterstützt. Da nicht alle Bakterien eine PTM von 

EF-P aufweisen, scheint der zugrundeliegende molekulare Mechanismus noch nicht vollständig geklärt 

zu sein. Das Ziel dieser Arbeit war es, die Funktionsprinzipien von unmodifizierten EF-Ps während der 

Polyprolinsynthese zu entschlüsseln. Eine Kombination aus Struktur- und Funktionsanalysen, 

einschließlich der Konstruktion von EF-P-Varianten der PGKGP-Familie mittels Mutagenese, Screening 

in E. coli sowie Proteom- und Strukturmodellierungsstudien, ermöglichten Einblicke in die 

Funktionsprinzipien von EF-P, die über PTMs hinausgehen. 

Zunächst wurden verschiedene EF-Ps der PGKGP-Familie auf die Translationsaktivität des 

Polyprolin-Proteins CadC in E. coli gescreent, wobei EF-P aus Rhodomicrobium vannielii als besonders 

aktiv identifiziert wurde. Massenspektrometrische Untersuchungen von gereinigtem R. vannielii EF-P 

zeigten, dass das Protein keine PTM aufweist, was darauf hindeutet, dass es in E. coli im unmodifizierten 

Zustand aktiv ist. Wachstums- und Proteomstudien konnten darüber hinaus zeigen, dass die Deletion 

des nativen efp Gens in E. coli durch die chromosomale Integration von R. vannielii efp komplementiert 

werden kann. Sequenzvergleiche und Proteinaktivitätsstudien von EF-P Varianten der PGKGP-Familie 

in E. coli führten zur Identifizierung von drei Aminosäuren, die für die Funktionalität von unmodifizierten 

EF-Ps kritisch sind. Strukturmodelle deuten darauf hin, dass diese Aminosäuren bei der Herstellung von 

Kontakten mit dem Ribosom und der tRNA in E. coli involviert sind.  

Um anhand der Stärke der Ribosomenpause das Motivspektrum von unmodifizierten EF-Ps 

aufzuklären, wurde ein in vitro Reportersystem entwickelt. Gängige Versuchsaufbauten zur 

Untersuchung der Stärke der Ribosomenpause an polyprolinhaltigen Motiven sind zeitaufwendig und 

kaum hochdurchsatzfähig. Die Kopplung zweier Reportergene, die für ein Fluorophor und eine 

Antibiotikaresistenz kodieren, ermöglicht ein Ribosomenpause-Screening auf der Basis bakterieller 

Fluoreszenz und Vitalität. Durch die Verwendung des Resistenzgens ist eine genaue Feinabstimmung 

des Systems möglich. Die Verwendung des Systems erfordert keine zusätzliche Ausrüstung, was eine 
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einfache Implementierung des Systems in jedem Standardlaboratorium und hohen Probendurchsatz 

ermöglicht. 

Diese Arbeit beschreibt neue Einblicke in die funktionalen Prinzipien von unmodifizierten EF-Ps 

während der Translation von polyprolinhaltigen Motiven. Darüber hinaus wurde die Grundlage für die 

Entwicklung unmodifizierter EF-Ps mit potenziellen Anwendungen in einem biotechnologischen Kontext 

geschaffen. 
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1 Introduction 

 

1.1 Protein synthesis control in bacteria 
 

In 1958, a significant advancement in the field of biology was achieved with the publication of Francis 

Crick's central dogma of molecular biology (1). Crick outlined the central dogma as the unidirectional 

genetic information transfer from DNA to RNA via transcription and from RNA to protein via translation 

(1,2). Regulation of the final stage of protein synthesis is fundamental for the organism to adapt to 

fluctuating environments and maintain physiological homeostasis (3,4). The mechanisms in protein 

synthesis are complex and exhibit a high degree of conservation across all domains of life (5,6), though 

not entirely uniform. While the transcription and translation are spatially and temporally separated in 

eukaryotes (7), most prokaryotes have no physical barrier to separate these processes (8,9). In 1964, 

after observing complex formations of DNA and ribosomes during in vitro protein synthesis, Marshall 

Nirenberg's laboratory proposed that transcription and translation are coupled in bacteria (10,11). Later 

studies demonstrated that the primary enzyme which carries out transcription, RNA polymerase (RNAP), 

physically interacts with the key player of translation - the ribosome, thereby offering the first insights into 

co-transcriptional messenger RNA (mRNA) translation (12-14). This spatial proximity between RNAP 

and the ribosome allows the newly transcribed mRNA to directly bind the ribosome, which initiates the 

translation immediately. The observation that RNAP pauses if translation is inhibited provided further 

evidence for the kinetic coupling of transcription and translation in bacteria (14,15). Translation in bacteria 

involves the action of the ribosome and numerous factors (Figure 1).  

Figure 1. Schematic overview of bacterial translation cycle. (description on the next page) 
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(Figure 1.  description) Depicted are the fundamental steps involved in the process of mRNA translation (initiation, 

elongation, termination and recycling) with factors involved during this process. 1 3 Formation of 30S IC; 2 3 

Hydrolysis of GFP, dissociation of IFs; 3 3 tRNA (acceptor site, A-site) binding; 4 3 Hydrolysis of GFP, transfer of 

the peptidyl; 4b 3 binding of EF-P (during polyproline synthesis; dashed line); 5 3 Formation of the hybrid state, 

binding of EF-G; 6 3 Hydrolysis of the GTP, translocation; 7 3 Repeating elongation cycles; 8 3 Hydrolysis of the 

GTP, RF release; 9 3 Hydrolysis of the GTP, subunit recycling. 30S IC 3 30S initiation complex, 70S PIC 3 70S 

Preinitiation Complex, 70S IC 3 70S Initiation Complex, IF 3 Initiation Factor, EF-G 3 Elongation factor G, EF-P 3 

Elongation Factor P, EF-Tu 3 Elongation Factor Tu, mRNA 3 messenger RNA, RF 3 Release Factor, RRF 3 

Ribosome Recycling Factor, tRNAfMet 3 tRNA with formylated methionine. The figure was adapted and extended 

from (16). 

 

 

Bacterial ribosomes demonstrate high catalytic rates in protein synthesis, by forming approximately 20 

peptide bonds per second (17-19). This underscores the need for a highly regulated and finely tuned 

translational regulatory mechanism. Thus, translation in bacteria is regulated by diverse translation 

factors and can be broadly divided into four phases: initiation, elongation, termination and ribosome 

recycling (Figure 1)(16). 

 

1.1.1 Translation initiation 
 

The initiation of translation represents the initial step of protein synthesis and involves several key 

players. These include the initiator transfer RNA (tRNAfMet), which has a distinctive N-formylmethionine, 

differentiating it from other tRNAs (20), the mRNA, 30S and 50S ribosomal subunits and the initiation 

factors (IF) IF1, IF2 and IF3 (16,21-24)(Figure 1). 

In bacteria, translation is canonically initiated in three stages by forming three complexes (16,21-

27)(Figure 1). Briefly, the initial stage, the 30S pre-initiation complex (30S PIC) is formed, whereby the 

30S ribosomal subunit recruits IF1, IF2, IF3, tRNAfMet and the mRNA. The complex is stabilised by the 

base pairing of the tRNAfMet anticodon and the start codon on the open reading frame (ORF) of the mRNA, 

which leads to the 30S initiation complex (30S IC) formation (21-23,26). In the final stage of translation 

initiation, the 50S ribosomal subunit is recruited and binds with the 30S IC to form the 70S initiation 

complex (70S IC)(16,23,27)(Figure 1). 

Initiation factors play critical roles during translation initiation. IF1 promotes IF2 and IF3 binding to the 

30S ribosomal subunit and regulates the selection of tRNAfMet and the mRNA (28-30). Moreover, 

structural and functional studies have shown IF1 to localise to the ribosomal acceptor site (A-site), where 

it supports the binding of initiator tRNA to the ribosomal peptidyl-site (P-site)(31,32). IF2 is a guanosine 

triphosphatase (GTPase). GTP hydrolysis facilitates the binding of tRNAfMet
 to the ribosomal P-site by 

interacting with the aminoacyl acceptor stem and the N-formyl-methionine of the tRNAfMet
 (29,33-37). In 

addition, IF2 has a strong affinity for the 50S ribosomal subunit, which ultimately promotes docking of the 

50S subunit to the 30S IC (29,38-40). IF3 binds to the 30S ribosomal subunit and regulates ribosome 

assembly, thus preventing premature assembly of 30S and 50S (21,22,25). 
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1.1.2 Translation elongation 
 

The translation elongation phase represents the central stage of the translation process. During 

translation, the information encoded on the mRNA is decoded into the nascent chain of amino acids 

(23,24). Repetitive decoding cycles, peptide bond formation and tRNA translocation, constitute the steps 

of translation elongation, in which ribosomes play a central role. Ribosomes comprise three tRNA binding 

sites, designated E- (exit-), P- (peptidyl-) and A- (acceptor-) sites (41). The codons on the mRNA, 

composed of three consecutive nucleotides, determine the specific amino acid incorporated into the 

polypeptide chain (42,43). Once the second codon is positioned within the A-site and thus is accessible 

for the elongator aminoacyl-tRNAs (aa-tRNA), the elongation phase begins. The elongation process is 

governed by the action of translation elongation factors, namely EF-Tu (elongation factor Tu), EF-G 

(elongation factor G) and EF-P (elongation factor P)(16,23,24)(Figure 1). SelB is a specialised elongation 

factor in bacteria, which is required for the delivery of the 21st natural amino acid selenocysteine (44). 

A single cycle of translation elongation can be subdivided into three distinct phases. These are the 

initial attachment of aa-tRNA to the ribosome, peptide bond formation and peptidyl transfer, and 

subsequent translocation of the aa-tRNAs within the ribosome. In the initial phase, the aa-tRNA is 

transported by the GTPase EF-Tu to the A-site of the ribosome (16,45-47)(Figure 1). Here, EF-Tu forms 

a tertiary complex with the aa-tRNA and GTP, which facilitates its binding to the ribosomal bL12 stalk 

(45,48). In the A-site of the ribosome, the interaction between the aa-tRNA anticodon and the mRNA 

codon prompts the hydrolysis of GTP (49-54) and the release of inorganic phosphate (Pi) by EF-Tu (55). 

Once bound to the guanosine diphosphate (GDP), EF-Tu dissociates from the ribosome by releasing the 

A-site bound aa-tRNA (52,56). In the subsequent phase, a peptide bond is formed between the amino 

acids of P-site located peptidyl-tRNA and the A-site located aa-tRNA in the peptidyl transfer center 

(PTC)(52,53). Here, the amino group of the aa-tRNA forms a peptide bond by nucleophilic attacks on the 

carbonyl carbon of the peptidyl-tRNA, finally resulting in a deacetylated P-site tRNA and an A-site 

peptidyl-tRNA (57,58). In the third phase, the translation elongation factor EF-G promotes ribosomes 

translocation after GDP hydrolysis (16,59)(Figure 1). This stimulates the ribosome to move along the 

mRNA, facilitating the shifting of the P-site located tRNA to the E-site and the A-site located tRNA to the 

P-site, leaving the A-site empty for new aa-tRNAs (23,24,60). 

The action of EF-Tu and EF-G is critical during the synthesis. EF-P is instrumental in synthesising 

consecutive proline motifs (16,61,62)(Figure 1). Translation elongation continues until the ribosome 

reaches the stop codon, which initiates translation termination and ribosome recycling. 

 

1.1.3 Translation termination and ribosome recycling 
 

The translation elongation process is terminated when the A-site of the ribosome encounters a stop 

codon. Stop codons UAA, UAG and UGA are universally conserved and do not code for any amino acid 

(63,64). Positioning the stop codons in the A-site of the ribosome serves to trigger the recruitment of 
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release factors (RF), which assist during the termination process (65). Three phases regulate the 

termination process: identification of the stop codon, cleavage of the ester bond of the peptidyl-tRNA via 

hydrolysis and detachment of RF1 and RF2 by the action of RF3 (16,23,24)(Figure 1). 

The release factors, RF1 and RF2, differ in their ability to bind particular stop codons: UAG and UAA 

codons are recognised by RF1 via the conserved PVT motif, whereas RF2 recognises UGA and UAA 

via the conserved SPF motif (66-73). GGQ motif is conserved in both RF1 and RF2, facilitating the 

peptidyl-tRNA hydrolysis (74), which causes the peptide to release. Peptide release is disturbed when 

the GGQ motif is mutated (74-77), underlining its functional importance during peptidyl-tRNA hydrolysis. 

In the final step before ribosome recycling, the GTPase RF3 promotes the RF1 and RF2 dissociation 

from the ribosome after GTP hydrolysis (16,75,78,79)(Figure 1). Ribosome-bound mRNA and tRNA are 

released by the ribosome recycling factor (RRF) and EF-G. Accordingly, the reuse of ribosomal subunits 

for further translation is facilitated (16,23,80-82)(Figure 1). 

 

1.1.4 Challenges in translation efficiency 

 

Bacteria have evolved diverse regulatory mechanisms to fine-tune mRNA translation in response to 

rapidly changing environmental conditions and stress. These mechanisms include the composition of the 

nucleotides that lie both adjacent to and within the coding sequence. These sequences can form 

intramolecular base pairs within the mRNA, resulting in the formation of secondary structures such as 

hairpins, stem-loops, or pseudoknots (83-85). mRNA structures have been reported to have regulatory 

effects on translation efficiency, for example during sporulation (86) and toxin production (87,88). They 

can also modulate the initiation frequency of translation (21). In addition to mRNA structures, the 

ribosome binding site (RBS) is another element which influences translational regulation. The RBS is 

located between 220 to +15 nucleotides relative to the translation initiation codon (89). Characteristically, 

the RBS contains a Shine-Dalgarno (SD) sequence (90,91), whose eukaryotic equivalent is known as 

the Kozak sequence (92-94). This sequence, just upstream of the start codon, serves as a binding motif 

for the anti-SD sequence of the 16S rRNA of the ribosome (90,91). The interaction between the SD and 

anti-SD sequences supports the correct positioning of the start codon within the 30S ribosomal subunit 

(36,95,96), thus initiating the formation of the translation initiation complex (97-99). However, among 162 

analysed prokaryotic genomes, the presence of SD-led genes ranged from ~12% to ~90% (100), 

suggesting the existence of a high number of non-SD-led mRNAs (23,98,100-102). The translation of 

mRNAs lacking the SD sequence is as effective as that of SD-led sequences, suggesting that other 

elements or mRNA features can facilitate the selection of the start codon (103,104). Sequestration of the 

SD within an mRNA secondary structure may further modulate translational regulation, masking it from 

the ribosome and ultimately interfering with translation initiation(105-107). 

Codon selection within coding sequences represents a further critical element that influences 

translational efficiency (108-110). The genetic code is degenerate, meaning that multiple synonymous 

codons can be used to encode each of the 20 proteinogenic amino acids. The utilization of synonymous 
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codons is, however, not uniform across the genome, resulting in the phenomenon known as "codon 

usage bias," which has been observed in diverse species (111-113). Codon usage bias correlates with 

the abundance of cognate tRNAs, thus it has been suggested that synonymous codons exert a different 

influence on translation efficiencies and translation elongation (111,114,115). Preferred codons (optimal 

codons) positively influence translation elongation speed, whereas rare codons (non-optimal codons) 

slow down elongation speed and cause the ribosome to pause (110,116,117). Indeed, the presence of 

rare codons in genes has been shown to correlate with the suppression of protein expression in E. coli 

(109,118-120). However, these ribosomal pauses can confer advantages, such as facilitating co-

translational protein folding (121-126). Thus, ribosomal pauses generate temporal intervals during 

translation, which enable newly synthesized polypeptides to adopt an optimal conformational folding 

within an appropriate timeframe. However, it is evident that they have an overall detrimental influence on 

translational efficiency. 

Ribosomal pausing is not solely caused by codon selection. Specific amino acids encoded by the 

translated mRNA can cause ribosome pausing as well. Among the proteinogenic canonical amino acids, 

proline has a unique cyclic structure featuring an imino group, thus classifying it as an imino acid. In 

contrast to other amino acids, in which the nitrogen in the amino group forms a single bond with the 

carbon, the nitrogen atom in proline's imino group forms a double bond with the carbon atom. This results 

in the pyrrolidine ring structure of proline being rigid and inflexible, which renders proline an ineffective 

acceptor and donor during the transpeptidation reaction (127-129). Consequently, during the synthesis 

of motifs with consecutive prolines, peptide bond formation is slow, which leads to ribosome stalling 

(61,62,130,131). However, prolines play indispensable roles in amino acid sequences, for example, 

enabling sharp turns within protein structures (132,133) and regulating protein copy number (61,134). 

These advantages have compelled organisms across all domains of life to develop strategies to 

overcome polyproline-caused ribosome stalling. Ultimately, translational factors evolved in bacteria 

designated as EF-P, which are instrumental in alleviating ribosomal stalls during the translation of 

polyproline motifs (61,62). 

 

1.2 EF-P discovery and structural elucidation 
 

The discovery of translation elongation factor P can be traced back to 1975, when Bernard Glick and 

Clelia Ganoza isolated a ribosomal factor shown to improve the binding between N-formyl-Met-tRNA and 

the aminoacyl-tRNA analogue puromycin (135). The isolated factor was named EF-P, based on the 

factors role in peptide bond formation during peptide chain elongation (135). Several years later, in 1979, 

Glick, Chladek and Ganoza demonstrated that the efficiency of peptide bond formation promoted by EF-

P depends on the selected aminoacyl-tRNA (136). In light of this observation, they were able to draw the 

conclusion that EF-P activity is crucial for peptide bond formation between distinct amino acids, such as 

leucine or glycine (136). However, despite the fact that EF-P was regarded as a crucial enzyme, with a 

primary role in the formation of initial peptide bonds, it took more than 30 years for the scientific 
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community to elucidate the principal mode of action of EF-P, which was found to be in the synthesis of 

consecutive polyprolines (61,62). The initial assumption that EF-P was implicated in the first peptide bond 

formation could be traced back to the isolation of its eukaryotic counterpart, the eukaryotic translation 

initiation factor 5A (eIF5A)(137). At that time, eIF5A was thought to be involved in the initiation of 

haemoglobin translation (19,138). A few years later, however, several studies demonstrated that eIF5A 

does not influence the formation of the initiation complex and is not required for the globin biosynthesis, 

contrary to previous assumptions (139-141). Years later, molecular and biochemical studies showed that 

eIF5A is involved in translation elongation rather than in translation initiation (142,143). 

In 1998, sequence homology between EF-P and eIF5A was identified through multiple sequence 

alignment, providing preliminary evidence for a potentially analogous mode of action shared by both 

proteins (144). However, the observed sequence similarity of approximately 20% (144) was insufficient 

to conclude anything about their similar functional roles or homology. Promising insights into the EF-P 

site of action were provided by the study of Hanawa-Suetsugu and colleagues in 2004, who published 

the crystal structure of the EF-P from Thermus thermophilus (145). The study demonstrated that the EF-

P is composed of three ³-barrel domains (domain I, II and III) arranged in an 89L99 shape, which closely 

resembles the structural shape of a tRNA. These findings suggested that EF-P has the potential to bind 

and interact with the ribosome. A comparative structural analysis of the Thermus thermophilus EF-P and 

the Methanocaldococcus jannaschii eIF-5A revealed high similarities between two domains, given that 

eIF-5A is composed of solely two domains (N and C)(145)(Figure 2). Hanawa-Suetsugu and colleagues 

suggested that the topological similarity between domains II and III of EF-P and domain C of eIF-5A may 

indicate that domains II and III originated through a duplication event (145)(Figure 2), probably early in 

the evolution of EF-P. A more detailed understanding about the side and mode of action of EF-Ps was 

gained from a study conducted by Blaha and colleagues in 2009, who reported the crystal structure of 

the Thermus thermophilus 70S ribosome in complex with EF-P, an initiator tRNA and fragments of an 

mRNA (146). In the crystal structure, EF-P was localised between the E- and P-sites of the ribosome, 

suggesting that EF-P acts during translation initiation by promoting the formation of the first peptide bond 

through optimal positioning of the initiator tRNA (146). Subsequent studies have demonstrated EF-P acts 

during the elongation phase of translation, rather than the initiation phase (61,62), which is consistent 

with observations of eIF5A (142,143). 

In sum, from the initial discovery of EF-P, many conclusions regarding its function were speculative 

and often inaccurate. Sequence and structural studies with EF-P supported the research aimed at 

elucidating the factor's precise function. 
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Figure 2. Structural comparison of eIF5A and EF-P. Ribbon diagrams of Methanococcus jannaschiie IF5A 

structure (PDB: 2EIF)(left, coloured in grey) and of Thermus thermophilus EF-P (PDB: 1UEB)(right, coloured in 

red). C-terminal and N-terminal domains of eIF5A, and domains I-III of EF-P are labelled accordingly. The 

superimposition of eIF5A and EF-P ribbon diagrams is depicted in the middle (overlay). Ribbon colouring and 

structural superimposition was conducted using UCSF ChimeraX (147,148). EF-P 3 elongation factor P, eIF5A 3 

eukaryotic initiation factor 5A. 

 

 

1.2.1 Molecular function of EF-P 
 

The first comprehensive understanding of the molecular function of EF-P was achieved in 2013, when 

two research groups described the role of EF-P in rescuing stalled ribosomes during the translation of 

consecutive polyproline motifs (61,62). One of these studies, conducted by Ude and colleagues, 

investigated CadC-dependent acid stress response in E. coli (61). The relationship between EF-P and 

the CadC was initially observed indirectly, following random deletion of one of the EF-P modifying 

enzymes, lysine 2,3-aminomutase (EpmB, YjeK), via transposon mutagenesis. Loss of EpmB resulted 

in reduced CadA activities (61). It was demonstrated that the loss of EF-P and its modifying enzymes 

could be complemented, rescuing the markedly reduced CadA activities. However, the absence of EF-P 

and its modifying enzymes did not directly affect the production of CadA, indicating that another protein 

in the CadC-dependent acid stress response was likely dependent on a functional EF-P (61). This was 

subsequently demonstrated to be the transcriptional regulator of the cadBA operon, CadC. Deletion of 

efp, resulted in a substantial decrease in CadC levels, thereby confirming EF-Ps role in CadC 

production (61). CadC-LacZ translational fusions of varying lengths revealed that translation of a region 

containing several prolines is dependent on the action of the EF-P (61). Further investigations employing 

in vitro assays confirmed that the translation of polyproline motifs can be rescued by EF-P (61). A study 

conducted in parallel by Doerfel and colleagues showed the translation of consecutive prolines to be 

dependent on an active EF-P as well (62). In this study, the formation of the peptide bond between proline 

and puromycin was found to be reliant on the presence of EF-P (62). Furthermore, the production of the 
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N-terminal fragment of the release factor glutamine methyltransferase PrmC was significantly influenced 

by EF-P, particularly when consecutive proline motifs were incorporated into the sequence (62). 

Functional similarities between EF-P and eIF5A were confirmed half a year later by Guttierez and 

colleagues, who proved eIF5A influences the formation of polyproline motifs using in vivo and in vitro 

studies (149). In addition to functional studies, structural studies on interactions between the ribosome 

and EF-P during the translation of polyproline motifs have been instrumental in understanding the mode 

of action of EF-P. Prior to the identification of the role of EF-P in the synthesis of polyproline motifs 

(61,62), only structures of EF-P alone or in complex with the ribosome during the synthesis of non-

polyproline motifs had been reported (145,146,150). Consequently, in 2017, Huter and colleagues 

published a cryo-EM structure that revealed the structural interplay between the ribosome, peptidyl tRNA 

and EF-P during the translation of a polyproline motif (151). The study proposed that the P-site tRNA can 

become destabilised through the incompatibility of the polyproline-containing nascent chain and the exit 

tunnel, leading to ribosomal stalling (151). In this scenario EF-P acts as a stabilising factor of the P-site 

tRNA by interacting with the tRNAs CCA end with its post-translationally modified tip (151), a 

phenomenon observed with eIF5A as well (152). This stabilisation was hypothesized to promote the 

peptide bond formation and to enable the formation of a more favourable conformation of the polyproline-

containing nascent chain (151). Furthermore, these structural studies indicated that post-translational 

modifications (PTM) play a critical role in the functionality of EF-P and eIF5A, as they demonstrate a 

direct involvement in the interaction with the CCA end of the P-site tRNA (146,151,152). 

 

1.2.2 EF-P activation by post-translational modification 
 

Prior to the identification of the molecular function of EF-P, initial studies had already documented 

that the modification of a positively charged amino acid in the N-terminal domain/domain I on the terminal 

located activation loop has an impact on EF-P function (146). The depletion of EF-P modifying enzymes 

results in phenotypes comparable to those observed in efp deletion strains, including growth deficiency 

(153-158), attenuated virulence (155,159,160) and decreased fitness (61,161). These findings highlight 

the necessity of PTMs for full EF-P functionality. The mechanisms through which PTMs activate initiation 

factors differ between archaeal and eukaryotic organisms compared to bacteria. In contrast to the single 

known modification, hypusination, which activates eIF5A in archaea and eukaryotes (162-165), several 

diverse PTMs exist in bacteria. To date, three PTMs of EF-P have been uncovered: (R)-³-lysylation and 

hydroxylation of lysine (153,159,166,167), arginine-³-rhamnosylation (155,168) and lysine-5-

aminopentanolylation (169,170)(Figure 3). 

(R)-³-lysylation is the most extensively studied EF-P modification, with reports indicating its presence 

in 25-29% of sequenced bacterial genomes (including E. coli and Salmonella enterica)(155,171,172). 

This modification is catalysed by three enzymes: the EF-P (R)-³-lysine ligase (EpmA, also known as 

YjeA, PoxA or GenX), the lysine 2,3-aminomutase (EpmB, also known as YjeK) and the EF-P 

hydroxylase (EpmC, also known as YfcM)(Figure 3A). Initial reports described only the role of EpmA and 
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EpmB during EFP modification, EpmC was discovered later. Accordingly, the first descriptions outlined 

two distinct modification phases. In the first phase, (S)-³-lysine is converted into (R)-³-lysine by the action 

of EpmB (173). In the second phase, EpmA ligates the newly generated substrate (R)-³-lysine to the 

lysine present in the EF-P activation loop (K34 in E. coli)(153,159,167). In 2012, Peil and colleagues 

published a study that completed the pathway required for the lysylation modification, revealing the role 

of EpmC in the final stage of this particular modification (166). In vitro and mass spectrometry studies 

revealed inconsistencies (166) between the calculated (+128 Da) and the measured (+144 Da) 

modification mass of the endogenous EF-P (153,159,167,174,175). Peil and colleagues demonstrated 

that cells with depleted epmC exhibited a shift in mass by 16 Da, thereby substantiating the role of EpmC 

in hydroxylating the modified EF-P tip in the final phase of the lysylation process (166). It should be noted, 

however, that epmC is not present in every bacterial genome in which epmA and epmB have been 

identified (155). Moreover, the deletion of epmC has been observed to have a negligible impact on EF-

P activity (62,131,176,177). Therefore, the precise rationale behind the hydroxylation carried out by 

EpmC during the (R)-³-lysylation process remains unclear and current research suggests it plays a minor 

role in EF-P activity. 

 In contrast to the (R)-³-lysylation modification process, where a lysine situated at the terminus of the 

EF-P activation loop undergoes modification, the rhamnosylation process involves the modification of an 

arginine at the equivalent position of EF-P (155,158)(Figure 3B). The subfamily of EF-Ps which contain 

an arginine activated by rhamnosylation has been identified in 9% of sequenced bacteria (mostly ³-

proteobacteria and some ³-proteobacteria) and can be found in species like Neisseria meningitidis, 

Shewanella oneidensis and Pseudomonas aeruginosa (155,156,158). The enzyme which catalyses the 

rhamnosylation of this family of EF-Ps was initially designated as an uncharacterised protein with the 

domain DUF 2331 (155). Following the elucidation of its mechanism of function, it was renamed to 

protein-arginine rhamnosyltransferase (EarP)(155)(Figure 3B). A phylogenetic analysis, coupled with 

mass spectrometry, in vivo and in vitro studies, revealed the precise pathway catalysed by EarP (155). 

EarP uses deoxythymidine diphospho-L-rhamnose (dTDP-L-rhamnose) from the rhamnosylation 

biosynthesis pathway rmlABCD as the substrate for rhamnosylation of EF-P (155,158). While (R)-³-

lysine and rhamnose have unique chemical and structural characteristics, both enhance the function of 

EF-P in an analogous manner (155,158).  

 5-aminopentanolylation, found in Firmicutes, is the most recently identified PTM of EF-P 

(169,170,178). Approximately 4.5 % of all sequenced bacteria, including the Gram-positive bacteria 

Bacillus subtilis and Staphylococcus carnosus, encode the enzyme YmfI (172) which catalyses the final 

step of the 5-aminopentanolylation reaction (170,178)(Figure 3C). In contrast to other PTMs of EF-P, the 

assembly of 5-aminopentanol on lysine situated within the activation loop of EF-P (K32 in Bacillus subtilis) 

involves the formation of several intermediate modifications (178). Mass spectrometry studies uncovered 

the identity of all the intermediate modifications (hydroxypentanone, pentanone, 5-

aminopentanone)(178), as well as the enzyme Ymfl which converts the penultimate modification to 5-



Introduction 

10 

 

aminopentanol (170). However, the identity of the enzymes involved in the generation of the intermediate 

modifications remains unknown and requires further investigation (178)(Figure 3C).  

 

 
 
Figure 3. Overview of known EF-P post-translational modification pathways in bacteria. A (R)-³-lysylation is 

catalysed at the conserved lysine at position 34 (K34) of EF-P. Modifying enzymes that regulate this reaction are 

lysine 2,3-aminomutase (EpmB) and EF-P (R)-beta-lysine ligase (EpmA)(153,159,167,173). In certain species, EF-

P hydroxylase EpmC hydroxylates the EF-P on the C5(·) of K34 (OH depicted in blue)(166). B Rhamnosylation is 

catalysed at the conserved arginine at position 32 (R32) of EF-P. Modifying enzyme that regulates this reaction is 

the protein-arginine rhamnosyltransferase (EarP)(155,158). C 5-aminopentanolylation is catalysed at the 

conserved lysine at position 32 (K32) of EF-P. The last 5-aminopentanolylation modification step is catalysed by 

YmfL (169,170). Modification enzymes catalysing the preliminary steps of the 5-aminopentanolylation modification 

are not yet known and therefore indicated by 99?99. 
 

 

Only 50% of sequenced bacteria encode known modification systems. This suggests that the 

remaining half possess additional modification systems that are essential for EF-P activity, but which 

have yet to be identified, or that their EF-Ps are active without PTMs. Furthermore, the exact molecular 

mechanism of modified EF-P in polyproline motif translation remains elusive. Based on the current 

knowledge, structural studies have indicated that EF-P modifications may exert an influence on the 

nascent chain stabilisation by interacting with the CCA end of the P-site tRNA (146,151,155). However, 

it seems that not all modification types extend into the PTC to the same degree due to their diverse 

chemical structures (19,151,155). Consequently, the precise mechanisms by which PTMs facilitate the 

translation of polyproline motifs remain a topic for further research. 
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1.2.3 Fully active unmodified EF-Ps 
 

In 2020, Pinheiro and colleagues reported a notable discovery concerning the activation mechanism 

of actinobacterial EF-Ps (172). Actinobacteria are a highly relevant group of microorganisms with 

substantial biotechnological applications, particularly in the production of antibiotics, secondary 

metabolites, and other biotechnologically relevant compounds (179,180). The study by Pinheiro and 

colleagues demonstrated that a high proportion of proteins encoded by actinobacteria contain 

consecutive proline motifs, with 1.17 motifs/protein in Mycobacterium tuberculosis, 1.06 motifs/protein in 

Nocardia farcinica, and 1.08 motifs/protein in Streptomyces coelicolor (172). In comparison, E. coli 

encodes 0.49 motifs/protein, while Salmonella enterica encodes 0.51 motifs/protein (134,172). This 

suggested that the translation of a high proportion of the proteome of Actinobacteria requires the action 

of EF-P (172). However, the precise mechanism by which actinobacterial EF-Ps are activated remains 

elusive, as Actinobacteria encode none of the known EF-P PTM pathways. In 2020, Pinheiro and 

colleagues were the first to report on a new subclass of EF-Ps, whose activity is not dependent on a PTM 

(172). Mass spectrometry and isoelectric focusing studies confirmed the absence of a modification in the 

actinobacterial representatives Corynebacterium glutamicum, Mycobacterium smegmatis, and 

Streptomyces coelicolor (172). Bioinformatic analyses identified a characteristic palindromic loop 

sequence associated with these unmodified EF-Ps (PGKGP, Pro-Gly-Lys-Gly-Pro), present in 11% of 

EF-Ps from all sequenced bacteria (172). Most EF-Ps with this signature motif were detected in the 

phylum Actinobacteria, including the genera Bifidobacterium, Corynebacterium, Gardnerella, 

Mobiluncus, Mycobacterium, Nocardia, and Streptomyces (172). However, bacteria from other phyla 

were also shown to encode EF-Ps with the PGKGP signature motif, which do not encode for known EF-

P modification enzymes (Figure 4)(172). This indicates about their functionality independent of a 

modification or dependent on until now unknown modification system. Biochemical studies demonstrated 

that the presence of both prolines in the PGKGP sequence (P30 and P34 in C. glutamicum) is critical for 

the functionality of this family of EF-Ps, as substitutions of both prolines resulted in the formation of non-

functional variants (172). This suggests that the two prolines increase the rigidity of the activation loop of 

these EF-P, enabling the favourable positioning of the P-site tRNA for efficient polyproline motif 

translation (172). Active, but unmodified EF-Ps represent a notable divergence from the prevailing 

understanding of translation factor activation, which typically rely on PTMs in a diverse range of 

organisms (61,62,149,155,178). The existence of unmodified EF-Ps (172) raises the question about the 

necessity of the modification of EF-Ps in other bacterial phyla. Further studies should address these 

questions, such as: is the palindromic PGKGP signature motif strictly necessary for unmodified EF-P to 

be functional? Are EF-Ps with the palindromic PGKGP signature motif unmodified originating from other 

bacterial phyla, outside of the Actinobacteria? Is the activation loop the only component that determines 

the functionality of unmodified EF-Ps? Do other modification systems exist?  
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Figure 4. EF-Ps containing a proline at the position 34 are found in bacterial species lacking genes coding 

for EF-P modification enzyme homologues. Bacterial species with EF-Ps containing a proline at the position 34 

are depicted in yellow dots. Bacterial species coding for the modification systems: Ymfl (blue), EarP (purple), EpmA 

and EpmB (green dots). Figure derived from (172). 

 

 

1.2.4 Synthetic activation of EF-P 
 

The discovery of diverse EF-P modification systems in bacteria, all of which serve the same function in 

boosting the translation of polyproline motifs, has left many questions unanswered. The evolutionary 

rationale behind the emergence of these chemically distinct modification systems to enhance EF-P 

activity remained unclear. Researchers began to question whether EF-P modification systems could be 

used interchangeably between bacterial species and whether different EF-P modification systems could 

be adapted to be compatible with originally differently modified EF-Ps. The feasibility of switching 

modification systems was demonstrated by Lassak and colleagues (155). Here, replacement of native 

EF-P in an E. coli &efp strain with S. odeinensis EF-P and co-expression of its corresponding modification 

enzyme EarP, restored pH sensor CadC levels comparable to the wild type (155). Another study 

demonstrated that the substitution of two amino acids in the E. coli EF-P, in conjunction with the co-

expression of S. odeinensis EarP, were sufficient to facilitate a switch in the modification system from 

lysylation to rhamnosylation in E. coli (181). In this context, the distinct amino acid composition of the 

EF-P activation loop was shown to be the determining factor in the non-native EF-P adaptation in E. coli 

(181). An alteration of the substrate attached to the EF-P activation loop does not necessarily result in a 

universal outcome with respect to EF-P activation (182). In this regard, E. coli EF-P could be modified 
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with non-canonical substrates, leading to the formation of novel modifications (182). However, functional 

assays confirmed that the native substrate, (R)-³-lysine, remained the only substrate capable of fully 

functionalizing E. coli EF-P, outperforming other lysine derivatives tested (182). Thus, the development 

of diverse modification systems has likely undergone several levels of optimization during evolution, as 

non-canonical substrates that are structurally similar to the natively used substrate cannot be used to 

activate EF-P (182). All in all, these results indicate that, throughout the course of evolution, an optimal 

modification system likely co-evolved with its corresponding activation loop and compatible substrate to 

ensure the efficient functionality of EF-P (181). 

The studies described here have mainly focused on the transferability of different modification 

systems between bacterial species and the sequence compatibility of the activation loop and the 

substrate required for EF-P activation. However, there has not been much focus on the influence of 

individual amino acids present outside the activation loop of EF-P on EF-Ps activity. Despite the high 

structural similarity of all EF-Ps (172), there are large differences in EF-P sequence identity (145,172). 

The influence of the sequence composition within the remaining EF-P backbone, which may also 

contribute to the functionality of EF-P beyond the modification itself, is a subject that has yet to be 

explored and will be a major part of this thesis (Chapter 2). 

 

1.2.5 The diversity of motifs causing ribosome pausing 
 

Following the discovery of the molecular function of EF-P in facilitating the synthesis of polyproline 

motifs (61,62), further studies aimed to uncover the full repertoire of motifs that rely on EF-P for their 

translational rescue (131,183). By the end of 2013, a spectrum of motifs with less than three consecutive 

prolines was identified (131). With proteome comparisons of E. coli wild type with diverse E. coli deletion 

strains (&yjeK/&epmB, &yjeA/&epmA, &yfcM/&epmC), Peil and colleagues showed that ribosomal 

pausing strength is dependent on the amino acids upstream and downstream of the consecutive prolines 

in an polyproline motif (X-PP-X)(131). A combination of two strong motifs (XPP and PPX) resulted in 

stronger ribosomal pauses than either of the motifs considered separately (131). In 2014, Starosta and 

colleagues reported that the amino acid several amino acids upstream of the consecutive prolines 

affected ribosomal pausing strength as well, albeit to a lesser extent than the amino acid directly 

upstream of the prolines (184). 

The regulation of translation pausing mediated by polyproline motifs remains a complex area of 

research. For example, proteomic data studies have demonstrated that the absence of EF-P does not 

necessarily result in a uniform reduction in proteins containing polyprolines (131,183). Ribosome profiling 

studies confirmed this phenomenon, as ribosomes were shown to pause at only a subset of XPP motifs 

in a &efp background (185,186). A combination of factors, including the motif type, the motif location 

within the ORF and the rate of translation initiation, have been suggested to influence which polyproline 

motifs produce ribosomal pausing (19,186-188). In the absence of EF-P, protein production is predicted 

to be reduced when a strong stalling motif is situated closer to the 5' end of the gene and the translation 
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initiation rate is high (19,186-188). The codon selection in the polyproline motif adds to the complex 

regulation of polyproline synthesis (189). As demonstrated by Krafczyk el al., different proline codons 

(CCA, CCC, CCG or CCU) present in a polyproline motif seemed to show a different impact on protein 

synthesis (189). 

The presence of polyproline motifs in genomes suggests that the functional advantages of these 

motifs outweigh the intrinsic complexity and metabolic burden for organisms. Nevertheless, further 

research is required to clarify why certain combinations of encoded amino acids exert a stronger influence 

on the translation than others. Furthermore, the rescue of only half of the XPPX motifs, along with the 

discovery of unmodified EF-Ps, raises the question of whether there is a subset of motifs that are 

preferentially rescued by modified or unmodified EF-Ps. The methods currently used to study the 

dynamics of translational rescue of polyproline motifs are relatively complex, requiring the integration of 

in vivo reporters into the genome, and costly, requiring specialized equipment and reagents 

(61,131,182,183,186,189).  The second part of this thesis will therefore focus on the development and 

implementation of a simple plasmid-based dual reporter system that can be easily used in any laboratory 

to assess ribosome pausing during translation of polyproline motifs (Chapter 3). The ultimate goal of this 

system is to enable the investigation of the spectrum of polyproline motifs that are preferentially rescued 

by unmodified translation elongation factors P. 

 

1.3 Scope of the thesis 
 

Over time, several strategies for EF-P activation have been identified. Many studies have 

concentrated on the role of the modification systems and the activation loop region. Nevertheless, given 

the considerable discrepancies between the different modification systems and the recent discovery of 

unmodified EF-Ps, it may prove advantageous to shift the focus towards the protein backbone and 

investigate whether other EF-P regions are critical for activity beyond the modifications. Thus, the primary 

objective of the first part of this thesis (Chapter 2) is to investigate the functionality of PGKGP subfamily 

EF-Ps, which are predicted to be unmodified, in E. coli. Additionally, the role of specific amino acids 

within the PGKGP subfamily EF-P backbone will be analysed to determine their contribution to overall 

EF-P functionality in the absence of a PTM. 

The second part of the thesis (Chapter 3) will focus on the development of a versatile and cost-efficient 

reporter system to investigate the polyproline motif spectrum, whose translation is dependent on 

functional EF-Ps. By translationally coupling two reporter genes, coding for a fluorophore and an 

antibiotic resistance protein, we aim to improve current screening capabilities of polyproline motifs. This 

reporter system will facilitate future research in ribosome pausing measurements in a cost-effective 

manner, especially in the context of unmodified EF-Ps, whose spectrum of rescued motifs remains to be 

elucidated. These findings have the potential to clarify the fundamental understanding behind the 

evolution of EF-Ps that do not necessitate modification, as their mode of action could be directed 

preferentially to a subset of polyproline motifs.  
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SUMMARY

Bacteria overcome ribosome stalling by employing translation elongation factor P (EF-P), which requires

post-translational modification (PTM) for its full activity. However, EF-Ps of the PGKGP subfamily are unmod-

ified. Themechanismbehind the ability to avoid PTMwhile retaining active EF-P requires further examination.

Here, we investigate the design principles governing the functionality of unmodified EF-Ps in Escherichia coli.

We screen for naturally unmodified EF-Ps with activity in E. coli and discover that the EF-P from Rhodomi-

crobium vannielii rescues growth defects of a mutant lacking the modification enzyme EF-P-(R)-b-lysine

ligase. We identify amino acids in unmodified EF-P that modulate its activity. Ultimately, we find that substi-

tution of these amino acids in other marginally active EF-Ps of the PGKGP subfamily leads to fully functional

variants in E. coli. These results provide strategies to improve heterologous expression of proteins with poly-

proline motifs in E. coli and give insights into cellular adaptations to optimize protein synthesis.

INTRODUCTION

The translation of mRNAs to proteins at the ribosome is a highly

conserved process in all domains of life. The translational effi-

ciency is dynamic and depends on codon bias, tRNA accessi-

bility, and the chemical nature of amino acids to be incorporated

into the polypeptide chain.1 Among the canonical amino acids,

proline is an imino acid. This imino group cannot be optimally ori-

ented for nucleophilic attack onto the carbonyl carbon atom of

the P-site substrate during the transpeptidation reaction. In addi-

tion, proline is a poor donor during protein synthesis due to the

rigidity of the pyrrolidine ring.2–5 Consequently, the presence of

consecutive proline codons leads to a slowdown in protein

synthesis and can cause ribosome stalling.6–9 Despite the hin-

drance, polyproline motifs play essential roles in the catalytic ac-

tivity of enzymes, contribute to protein-protein interactions, and

regulate protein copy numbers,7,10–13 rendering them indispens-

able components of the proteome of all organisms.

To facilitate the synthesis of proteins containing polyproline

motifs, organisms from all kingdoms have evolved specialized

translation factors. In bacteria, elongation factor P (EF-P) plays

a crucial role in this process,6,7 while eukaryotes and archaea

use initiation factor 5A (e/aIF5A).14 These translation factors

bind to the ribosome and enhance peptide bond formation during

protein synthesis by stabilizing the P-site tRNA.15,16 However, to

become fully functional, these translation factors must undergo

post-translational modification (PTM).6,7,9,14 Notably, in eukary-

otes and archaea, e/aIF5A undergoes a PTMknown as hypusina-

tion.17 On the other hand, bacteria use diverse and unusual

substrates and enzymes to modify their EF-Ps. For instance, in

Escherichia coli and Salmonella enterica, a conserved lysine

is b-lysinylated by the EF-P-(R)-b-lysine ligase (EpmA) and

L-lysine 2,3-aminomutase (EpmB), as well as hydroxylated by

the EF-P hydroxylase (EpmC).18–22 Other modifications include

rhamnosylation of an arginine by the arginine rhamnosyltransfer-

ase (EarP) in bacteria like Pseudomonas putida and Shewanella

oneidensis23,24 and amino-pentanolylation by the EF-Pmodifica-

tion enzyme YmfI in Bacillus subtilis25,26 (Figure 1A).

Interestingly, there is a group of bacteria, particularly from the

Actinobacteria phylum, that possesses functional EF-Ps without

the need for any PTM27 (Figure 1A). We have shown that EF-Ps

from the generaCorynebacterium,Mycobacterium, andStrepto-

myces function without PTM.27 These EF-Ps have the otherwise

modified lysine at the tip of a b-hairpin, flanked by two proline

residues. It is suggested that the presence of this palindromic

sequence Pro-Gly-Lys-Gly-Pro (PGKGP) within the hairpin con-

fers rigidity and enables proper positioning of the protruding

lysine 32, thereby stabilizing the acceptor arm of the tRNA. The

PGKGP sequence has become a signaturemotif for this subfam-

ily leading to its designation as the PGKGP subfamily of EF-P27

(Figure 1A).

While it has been shown that a differentially modified EF-P

variant can complement the deletion of efp in E. coliwhen co-ex-

pressed with the modification machinery,23 unmodified EF-P

variants were found to be inactive.27 This observation suggests

that certain features are responsible for conveying functionality

without PTM. The current study was conducted to investigate

the underlying design principles that enable the evolution of
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functional EF-Ps without the need for PTMs. We were able to

identify three crucial amino acid positions with pivotal roles in

maintaining the functionality of unmodified EF-P. Using this

knowledge, we then succeeded in engineering a functional un-

modified EF-P in the bacterial workhorse E. coli. These findings

pave the way for approaches to optimize synthesis of proteins

containing polyproline motifs at lower metabolic cost in other

laboratory and industrially relevant bacteria.

RESULTS

Screen for naturally unmodified EF-Ps of the PGKGP

subfamily that are functional in E. coli

Previous study has demonstrated that EF-Ps, belonging to

the PGKGP subfamily of various Actinobacteria, are functional

without PTM in their respective hosts, but they are non-functional

in E. coli.27 Notably, EF-Ps containing the PGKGP loop are also

found in other bacterial phyla, which do not encode enzymes

required for EF-P modification.27 This observation has led to the

hypothesis that these EF-Ps may also be functional in an unmod-

ified state. Here, we screened several EF-Ps of the PGKGP sub-

family of species from different phyla for their activity in E. coli.

To this end, we chose Campylobacter hominis and Campylo-

bacter lari as representatives of the d-proteobacteria, Cellulo-

phaga algicola, Porphyromonas gingivalis, and Weeksella virosa

as representatives of the Bacteroidetes, Conexibacter woesei

and Streptomyces venezuelae belonging to the Actinobacteria,

andRhodomicrobiumvannieliias representativesof thea-Proteo-

bacteria (Figure 1A). Despite an overall sequence identity of only

44% (Table S1), thePGKGPactivation loop remains conserved.27

Figure 1. R. vannielii EF-P complements Defp E. coli mutants without the necessity of a PTM

(A) Schematic representation of the phylogenetic tree of bacterial EF-Ps, adapted from Pinheiro et al., 2020.27 PGKGP subfamily EF-Ps used in this study are

marked with colored dots (Actinobacteria – orange, Bacteroidetes – gray, d-Proteobacteria – light green, a-Proteobacteria – dark green). Yellow dots represent

the remaining PGKGP-type EF-Ps from Actinobacteria.

(B and C) EF-P activity measurements using the PcadBA::lacZ-based reporter assay with S-Gal� or o-nitrophenyl-b-D-galactopyranoside (o-NPG) as substrates

for the b-galactosidase activity. Color code in (C) corresponds to the strains used in (B). The b-galactosidase activities are given in Miller units (MU). EF-P

production was confirmed by western blot analysis using antibodies against the His-tag. Protein bands corresponding to a 72-kDa protein after staining with

2,2,2-trichloroethanol (TCE) were used as loading controls. The blot is shown split as the samples were originally loaded onto the gel in a different order. The

bands were cut and rearranged to achieve the desired order in the graph. Error bars indicate the standard deviation (SD) of three independent biological rep-

licates. Statistics: Student’s unpaired two-sided t test (ns, p = 0.2808).

(D) Deconvoluted MS spectra of intact R. vannielii EF-P, recombinantly overproduced in E. coli.

(E) Deconvoluted MS spectra of intact His-tagged R. vannielii EF-P (chromosomally encoded), produced in E. coli. See also Table S1; Figures S1–S4.
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To elucidate the activity of these EF-Ps in E. coli, a well-estab-

lished reporter system was used.7 This reporter system is based

on the finding that the transcriptional regulator CadC of E. coli is

a polyproline protein that requires modified EF-P for its transla-

tion. In Defp mutants, the copy number of CadC is too low to

induce the cadBA promoter (tested as PcadBA::lacZ). CadC is

activated when E. coli cells are exposed to low pH in the pres-

ence of lysine. To rule out that heterologously produced EF-Ps

are modified by the E. coli-specific modification system EpmA,

a reporter strain with an additional deletion of epmA encoding

the b-lysine ligase was used. This reporter strain (E. coli PcadBA::

lacZ Defp DepmA) was transformed with plasmids expressing

EF-Ps of different representatives of the PGKGP subfamily.

E. coli was grown at pH 5.8 and b-galactosidase activities

were determined. On agar plates containing S-Gal� and ferric

ions, cells producing b-galactosidase can easily be detected

by black precipitates. As a control, E. coli efp was expressed

both in E. coli PcadBA::lacZ Defp and E. coli PcadBA::lacZ Defp

DepmA. Only cells expressing both efp and the modification ma-

chinery showed black precipitates (Figure 1B). Of the eight

selected EF-Ps of the PGKGP subfamily, only EF-P of

R. vannielii was active. In contrast to E. coli EF-P, R. vannielii

EF-P produced black precipitates in the double deletion Defp

DepmA reporter strain (Figure 1B). To obtain quantitative results,

b-galactosidase activity was determined using a colorimetric

assay. E. coli EF-P was able to rescue the production of CadC

and induce high b-galactosidase activity in the presence of the

PTM machinery (Figure 1C). With the exception of R. vannielii

EF-P, none of the other EF-Ps was able to complement the

E. coliDefpmutant. Remarkably, the activity of the reporter strain

producing the R. vannielii EF-P was comparable to the activity of

the strain with the modified E. coli EF-P (Figures 1C and S1).

We then used mass spectrometry-based proteomics (MS)

to test whether R. vannielii EF-P undergoes PTM in E. coli.

We first purified recombinantly overproduced R. vannielii

EF-P using the E. coli BL21/pET_SUMO system, which had

the advantage that the His-tag could be easily cleaved from

the protein after purification. For the detection of the

R. vannielii EF-P without a His-tag, a polyclonal antibody

against this protein was generated (a-625) and used for west-

ern blot analysis. The calculated mass of R. vannielii EF-P

(20,929.80 Da) was consistent with the measured mass of

the intact protein (20,929.81 Da), indicating the absence of a

modification (Figures 1D and S2A). This observation was

confirmed by analysis of peptides after chymotrypsin diges-

tion (Data S1). Overproduction of EF-P in E. coli may result

in a high level of unmodified EF-P19 due to an imbalance be-

tween EF-P and its modifying enzymes. To avoid any artifact,

we inserted R. vannielii efp (encoding a C-terminal his-tag) into

the E. coli genome downstream of the native efp promoter and

purified this protein (Figures S3A). The calculated mass of the

His-tagged R. vannielii EF-P (21,995.26 Da) was consistent

with the measured mass of the intact protein (21,995.29 Da)

(Figures 1E and S2B), confirming that R. vannielii EF-P is un-

modified in E. coli. This observation was further verified by

analyzing the peptides after chymotrypsin digestion (Data

S1). It has to be noted that the sequence available online

(GenBank: NC_014664.1) for R. vannielii EF-P differs slightly

from the sequence we determined for the strain used (DSM

162/ATCC 17100) (Figure S4).

Overall, these data demonstrate that an unmodified EF-P

variant can support the synthesis of a protein containing poly-

proline motifs in E. coli.

Unmodified R. vannielii EF-P is fully functional in E. coli

Next, we investigated the functionality of R. vannielii EF-P in

E. coli in more detail. First, we conducted growth tests,

including the E. coli wild type (WT) and the Defp, DepmA,

and Defp DepmA mutants, compared to the complemented

Defp::R. v. efp and Defp::R. v. efp DepmA mutants. In the latter

two strains, R. v. efp is chromosomally encoded under control

of the native E. coli efp promoter (Figure 2A). After 12 h of

growth in complex (LB) medium, the cell density of the mutants

Defp and Defp DepmA was much lower compared to the WT,

which is in line with previous observations19,28 (Figure 2B). The

mutant producing unmodified E. coli EF-P (DepmA) showed

slightly higher cell densities but still exhibited limited growth

compared to the WT (Figure 2B). However, expression of

R. v. efp in both the DepmA and the Defp mutants suspended

the growth defect (Figure 2B). To validate growth differences

observed with the spot assay, we monitored the growth of

the strains in LB medium at 37�C over time (Figure 2C). The

growth defect of the mutant producing the unmodified E. coli

EF-P (DepmA) was overcome by the chromosomal insertion

of the R. v efp (Figure 2C). Only marginal differences in

doubling times were detected between the WT and the mu-

tants harboring the R. v. efp independent of the absence or

presence of epmA (Figure 2C), confirming our hypothesis of

a functional R. v. EF-P without the need for a PTM in E. coli.

No significant differences were found in the amount of EF-P

in E. coli, regardless of whether epmA was present or not

(Figures S3A–S3D). These results emphasize that the observed

growth defect of the DepmA mutant is due to the absence of

the EF-P modification and is not a consequence of possible

reduced EF-P levels. Compared to native EF-P, the level of

R. vannielii EF-P was significantly lower in early exponential

growth phase of E. coli (Figures S3C and S3D).

The absence of EF-P or its modifying enzymes in E. coli is

associated with downregulation of proteins containing poly-

proline motifs and alterations of the proteome.9 Therefore,

we tested whether unmodified R. vannielii EF-P inserted

into these mutants could restore the WT proteome. Cells

were grown to late exponential growth phase and prepared

for proteomic analysis. The changes in protein levels were

determined by liquid chromatography-tandem mass spec-

trometry proteomics using data dependent acquisition

(DDA) and label-free quantification (LFQ).29 Identified peptide

fragments mapped to a total of 2,378 proteins (Data S2). The

differences in proteome comparison between the tested

strains can be seen in the principal component analysis

(PCA) (Figure 2D). The analyzed proteomes cluster into three

populations with large distances between them: (cluster i)

WT together with the two mutants producing R. vannielii

EF-P (Defp::R. v. efp; Defp::R. v. efp DepmA), (cluster ii) mu-

tants lacking EF-P (Defp; Defp DepmA), and (cluster iii) the

mutant producing unmodified E. coli EF-P (DepmA)
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(Figure 2D). These data suggest that the proteome of mu-

tants carrying the R. v. EF-P show the highest correlation

with the WT E. coli strain.

We analyzed the proteomes in more detail with a specific

focus on proteins with polyproline motifs. Comparisons between

the proteomes of the DepmA mutant and the WT (Figure 2E) as

well as between the Defp and Defp DepmA mutants and the

WT (Figures S5A and S5B) revealed a strong protein scattering

in the volcano plot indicating strong differences in the pro-

teomes. Complementation of the Defpmutant with R. v. efp (Fig-

ure 2F) or the replacement of E. c. efpwithR. v. efp in theDepmA

mutant (Figure S5D) reduced the scattering, suggesting high

similarity to the WT proteome.

The E. coli Defp and Defp DepmAmutants were characterized

by downregulation of proteins with polyproline motifs compared

to the WT (Data S2). Replacement of E. c. efp with R. v. efp al-

lowed translational rescue of 130 (75.6%) and 152 (78.4%) pro-

teins containing polyproline motifs, downregulated in the Defp

and Defp DepmA mutants, respectively (Data S2, Figures S5C

and S5D).

It has been previously reported that unmodified E. coli EF-P is

still able to rescue the translation of polyproline motifs but with

Figure 2. Phenotypic characterization of E. coli mutants complemented with R. vannielii efp

(A) Schematic overview of E. coli BW25113 efp deletion mutants with incorporated R. vannielii efp. Gene insertions are depicted in colored boxes and promoter

locations as colored arrows.

(B) Spot assay of the E. coli mutants on an agar LB plate after incubation in LB overnight at 37�C.

(C) Growth of E. coli mutants in LB at 37�C. Data are mean values with error bars representing the standard deviation (SD) of four independent biological rep-

licates. The doubling times of the individual strains are given in minutes (min).

(D) Proteome comparison of WT, DepmA, Defp, Defp DepmA, Defp::R. v. efp, and Defp::R. v. efp DepmA mutants using principal component analysis (PCA).

Proteomes of three independent biological replicates were analyzed and are represented in rhombi with the same color.

(E and F) Volcano plot analysis, highlighting the downregulation of proteins with/without polyproline motifs (PPmotifs) in E. colimutantDepmA (E) and their rescue

in mutant Defp::R. v. efp (F). Downregulated proteins without PP motifs are marked in dark blue dots; with PP motifs in light brown dots; rescued proteins in

bordeaux red; and remaining identified proteins in gray. The x axes show the fold change (FC) of the mean value of the log2 protein intensity for each protein (LFQ)

between two strains. The y axes show the significance level of the observed difference between the two strains (�log10 p value of the t test). See also Figures S3

and S5.
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lower efficiency compared to the modified EF-P.6,9,30 Here, we

also found that of all the downregulated proteins with polyproline

motifs in the Defp mutant (172 proteins) and the Defp DepmA

mutant (194 proteins), 47 (27.3%) and 59 (30.4%), respectively,

were not downregulated in cells producing unmodified E. coli

EF-P (DepmA mutant) (Data S2). Importantly, R. v. EF-P was

able to outperform the rescue potential of unmodified EF-P in

E. coli by translationally rescuing 128 (74%) proteins with poly-

proline motifs (Figure 2F; Data S2).

Elucidation of the functional design principles of

unmodified EF-P in E. coli

Our next aim was to uncover the design principles governing the

full functionality of unmodified EF-Ps in E. coli. Accordingly, we

sought to understand why not all EF-Ps of the PGKGP subfamily

are active in E. coli. Previous reports showed that the bacterial

EF-P consists of three domains, forming a shape similar to a

tRNA.31,32 To identify the essential domains for EF-P, we con-

structed E. coli and R. vannielii EF-P hybrids (Figure 3A) and

measured their activities using the PcadBA::lacZ reporter system.

To determine the boundaries of each domain, we considered

predicted secondary structures and 3D protein structures.

Linker regions connecting the three domains were selected as

fusion points to minimize effects on the EF-P 3D structure (Fig-

ures S6A–S6D; adapted from Uniprot: P0A6N4 and AlphaFold:

AF-P0A6N4-F133–35). The exchange of domains I and II of

E. c. EF-P with the respective domains of R. v. EF-P (H1:

R. v._R. v._E. c) more than doubled the activity of E. coli EF-P

in the DepmA background (Figure 3B). When only domain I of

E. coli EF-P was replaced by the corresponding R. v. EF-P

domain (H2: R. v._E. c._E. c), the same increase in activity was

observed. These observations suggest that domain I is of high

importance for an active unmodified EF-P in E. coli.

To identify these amino acids, we used a synthetic molecular

engineering approach, starting with multiple sequence align-

ments of EF-Ps of the PGKGP subfamily and E. coli (Figure 4A),

followed by the construction of EF-P variants using site-directed

mutagenesis and screening of those with highest activity using

the PcadBA::lacZ reporter assay (Figure 4B). The binding of

EF-P to the negatively charged ribosomal parts (rRNA) is medi-

ated mainly by charged amino acid side chains.15 Therefore,

we focused on amino acids that differ in charge between func-

tional EF-Ps (E. c. EF-P and R. v. EF-P) and those that are un-

functional (remaining PGKGP subfamily EF-Ps) in E. coli, in

particular positions 27, 28, 50, 56, 60, and 65 (Figure 4A).

S. venezuelae EF-P, a representative of the unmodified actino-

bacterial EF-Ps with low activity in E. coli,27 was chosen for mo-

lecular engineering (Figure 4C). Out of all substitutions, Q27E,

H28F, V50R, N56K, K60S, and T65D (numbering according to

the S. venezuelae EF-P sequence), only the replacement of

valine at position 50 to arginine (V50R) significantly increased

the activity of S. venezuelae EF-P in E. coli (Figure 4C). This result

suggested that a single amino acid substitution can already

impact the overall functionality of EF-P. In the multiple sequence

alignment of EF-Ps from the PGKGP subfamily, we detected a

pattern for position 50 (Figure 4A). Strikingly, in almost all EF-P

members of the PGKGP subfamily examined, only uncharged

and nonpolar amino acids are present at position 50, with the

exception of R. vannielii EF-P, which contains a positively

charged lysine (K). The EF-P of E. coli also has a positively

charged amino acid (R, arginine) at this position (Figure 4A).

We tested the importance of the positively charged amino acid

at position 50. Replacement of lysine by a neutral amino acid

(K50V) reduced the activity of R. vannielii EF-P in E. coli to only

15%, whereas substitution by another positively charged amino

acid, arginine (K50R), allowed 70% of the original activity (Fig-

ure 4D). Based on these results, we investigated the significance

of a positively charged amino acid at position 50 in other poten-

tially unmodified EF-Ps from the PGKGP subfamily. Thus, we

constructed EF-P variants of Cellulophaga algicola, Campylo-

bacter hominis, Campylobacter lari, Conexibacter woesei, Por-

phyromonas gingivalis, and Weeksella virosa EF-Ps with substi-

tutions of valine (V) or isoleucine (I) by positively charged

arginine (R) and analyzed their activities using the PcadBA::lacZ

reporter assay. Indeed, these amino acid substitutions signifi-

cantly increased the activity of the EF-P variants of C. hominis,

P. gingivalis, and W. virosa (Figure 4E), being in line with results

for S. venezuelae EF-P (Figure 4C) and highlighting the impor-

tance of a positively charged amino acid at position 50 for the ac-

tivity of unmodified EF-P in E. coli. Nevertheless, the introduction

of a positively charged arginine (R) at position 50 was not suffi-

cient to increase the activity of EF-P of C. algicola and C. lari

although the proteins were synthesized (Figure 4E).

Figure 3. Activity of E. coli and R. vannielii EF-P hybrids

(A) Schematic overview of the constructed EF-P hybrids H1 (R. v._R. v._E. c.)

and H2 (R. v._E. c.._E. c.). Domains of R. vannielii EF-P (R. v.) are colored in

blue and those of E. coli EF-P (E. c.) in brown.

(B) Activity measurements of the EF-P hybrids in E. coli using the PcadBA::lacZ-

based reporter assay. The b-galactosidase activities are given in Miller units

(MU). EF-P production was confirmed by western blot analysis using anti-

bodies against the His-tag. Protein bands corresponding to a 72-kDa protein

after staining with 2,2,2-trichloroethanol (TCE) were used as loading controls.

3D protein structures for simplified EF-P domain representation are taken and

modified from PDB: 3A5Z. Error bars indicate the standard deviation (SD) of

three independent biological replicates. Statistics: Student’s unpaired two-

sided t test (****p < 0.0001; ***p < 0.001; **p < 0.01; *p < 0.05; ns p > 0.05). Defp

DepmA (E. coli vs. R. v._H1, **p = 0.0023; E. coli vs. R. v._H2, **p = 0.0021;

R. v._H1 vs. R. v._H2, ns p = 0.2023). See also Figure S6.
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Figure 4. A positively charged amino acid at position 50 has an impact on the activity of PGKGP subfamily EF-Ps in E. coli

(A) Multiple sequence alignment of representative EF-Ps of the PGKGP subfamily and E. coli. Positions selected for substitution are highlighted and numbered

according to S. venezuelae EF-P. The brown numbers indicate the positions in E. coli.

(B) Workflow for synthetic engineering of unmodified EF-P.

(C–E) Activity measurements of S. venezuelae EF-P (C), R. vannielii EF-P (D), and PGKGP subfamily EF-P variants (E) in E. coli using the PcadBA::lacZ-based

reporter assay. Color code in (D) and (E) corresponds to the strains used in (C). The b-galactosidase activities are given in Miller units (MU). EF-P production was

confirmed by western blot analysis with antibodies against the His-tag. Protein bands corresponding to a 72-kDa protein after staining with 2,2,2-trichloroethanol

(TCE) were used as loading controls.C. a. – Cellulophaga algicola, C. h. – Campylobacter hominis, C. l. – Campylobacter lari, E. c. – E. coli, P. g. – Porphyromonas

gingivalis, S. v. – Streptomyces venezuelae, W. v. – Weeksella virosa, EF-Popt – optimized EF-P. Error bars indicate the standard deviation (SD) of three

(legend continued on next page)
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Overall, these data show that a single amino acid substitution

has an effect on the activity of originally non-functional EF-Ps in

E. coli.

A few amino acid changes are sufficient to generate a

fully functional, unmodified EF-P in E. coli

The placement of a positively charged arginine at position 50

resulted in increased activity of S. venezuelae EF-P (variant

A1) in E. coli, although not to the level observed for the modi-

fied E. coli EF-P (Figures 4C and 5A). Thus, we continued with

the synthetic molecular engineering approach (Figure 4B) and

investigated other amino acid positions. In particular, we

focused on the role of proline 34 (P34), which—together with

proline 30 (P30)—is part of the b-hairpin of the PGKGP sub-

family EF-Ps.27 Remarkably, substitution of P34 by glutamine

(Q) enhanced the activity of the S. venezuelae EF-P variant

(variant A2) (Figure 5A).

Analyzing all positions selected for substitution (Figure 4A), we

observed a striking difference between amino acids at position

65 (numbering according to S. venezuelae EF-P) in E. coli and

R. vannielii: there is a negative charge in E. coli EF-P (aspartic

acid, D66) and a positive charge in R. vannielii EF-P (arginine,

R65). Substitution T65D did not yield active S. venezuelae

EF-P in E. coli (Figure 4C), which prompted us to replace amino

acids of the region 63–65_TAT (T63-A64-T65, threonine –

alanine – threonine) with those found in R. vannielii EF-P, 63–

65_KVR (K63-V64-65R, lysine – valine – arginine). This substitu-

tion significantly improved the functionality of S. venezuelae

EF-P in E. coli (variant A3) (Figure 5A).

We further investigated whether the combination of these sub-

stitutions could have an additive effect to increase the activity of

S. venezuelae EF-P (Figure 4B). Indeed, the activity of variant

A1_A2 (V50R_P35Q) was significantly higher than that of variant

A1 (Figure 5A). Similarly, variants A1_A3 (V50R_63–65_KVR) and

A2_A3 (P35Q_63–65_KVR) showed increased activities. Finally,

the activity of the variant A1_A2_A3 (P35Q_V50R_63–65_KVR)

was almost 6-fold higher than that of the original WT protein

(S. v.) (Figure 5A). Nonetheless, the activity of S. venezuelae

EF-P_A1_A2_A3 remained significantly lower than that of the

modified E. coli EF-P (Figure 5A).

We found weaker signals in the western blot for S. venezuelae

EF-P_A1_A2_A3 compared to E. coli EF-P (Figure 5A), which in-

dicates lower production and could explain the lower activity.

This observation prompted us to search for other EF-P PGKGP

family members that are better expressed in E. coli. Since the

EF-Ps derived from P. gingivalis and W. virosa were produced

very well in E. coli (Figure 4E), we decided to continue synthetic

molecular engineering with them. Variants with P34Q or E62K

substitutions in both EF-Ps had significantly higher activities

than the corresponding native proteins (Figure 5B). It should be

noted that in both proteins, only the first amino acid (E62K) had

to be substituted to obtain the crucial KVR motif (Figure 4A).

Remarkably, the W. virosa EF-P variant with all three amino

acid substitutions (W. virosa EF-P_S1_S2_S3; EF-P_

P34Q_V49R_E62K) reached the activity level of the modified

E. coli EF-P (Figure 5C). The activity of W. virosa EF-P_S1-S3

in E. coli was also not affected by the presence of the modifying

enzyme EpmA (Figure 5D).

To this end, we characterized E. coli strains expressing

W. virosa EF-P instead of their native modified or unmodified

EF-P. For this purpose, E. coli mutants with chromosomally in-

serted W. virosa efp_S1-S3 were constructed (Figure S3E), and

western blot analysis revealed sufficiently high production of

this variant (Figures S3F and S3G). W. virosa EF-P_S1-S3 was

able to rescue the growth phenotypes observed for the DepmA

E. colimutant independent of the presence of epmA (Figure 5E).

The chromosomally encodedW. virosa EF-P_S1-S3was purified

by affinity chromatography. MS analysis of the intact protein

confirmed that this EF-P variant was unmodified. The calculated

proteinmass of theW. virosa EF-P_S1-S3 variant was consistent

with the measured intact protein mass, regardless of the pres-

ence of EpmA (calculated: 22,226.21 Da; measured: DepmA

22,226.33 Da; epmA+ 22,226.21 Da) (Figures 5F, 5G, S2C, and

S2D). It should be noted that the measured protein masses are

given without the first methionine, a phenomenon frequently

observed in previous studies.36,37 To test whether the amino

acid substitutions affected possible modification events, we

also analyzed the intact protein mass of purified W. virosa WT

EF-P, and the calculated protein mass (22,139.12 Da) was

consistent with the measured intact protein mass, whether or

not the cells expressed EpmA (DepmA: 22,139.26 Da; epmA+:

22,139.09 Da) (Figures 5H, 5I, S2E, and S2F). We observed

two peaks in the mass spectrometry measurements of

W. virosa WT EF-P (Figure 5I). These peaks correspond to the

mass of W. virosa EF-P with (22,266.18 Da) and without

(22,139.09 Da) methionine.

Overall, the finding that the EF-Ps of S. venezuelae and

W. virosa can be significantly activated by a small number of sub-

stitutions demonstrates that certain design principles found in

R. vannielii EF-P can be transferred to other isoforms within the

same group. Our data show that three amino acid substitutions

are sufficient to convert an inactive EF-P into a fully functional

unmodified variant. Moreover, an E. colimutant is now available

as a host for heterologous production of proteins containing pol-

yproline motifs with lower metabolic and energy costs, since

EF-P no longer requires PTM.

DISCUSSION

For optimal synthesis of proteins with polyproline stretches, the

EF-P of E. coli requires a PTM catalyzed by the modifying en-

zymes EpmA, EpmB, and EpmC.18–21 EpmB converts the pre-

cursor (S)-a-lysine to (R)-b-lysine, which is then ligated by

EpmA in an ATP-dependent condensation reaction to the

ε-amino group of Lys34 in EF-P. EpmC subsequently catalyzes

the hydroxylation of Lys34. Except for hydroxylation, none of

independent biological replicates. Statistics: Student’s unpaired two-sided t test (****p < 0,0001; ***p < 0.001; **p < 0.01; *p < 0.05; ns p > 0.05). Defp DepmA

(E. coli vs. S. v._V50R, *p = 0.0396; S. v. vs. S. v._V50R, **p = 0.0035) (C); Defp DepmA (E. coli vs. R. v._K50V, ns p = 0.6099; E. coli vs. R. v._K50R, **p = 0.0092;

E. coli vs.R. v., *p = 0.0104) (D); DefpDepmA (C. h. vs.C. h._V50R, ***p = 0.0001; P. g. vs. P. g._I49R, **p = 0.0037;W. v. vs.W. v._V49R, ***p = 0.00099), E. coli (in

Defp) vs. E. coli (in Defp DepmA), **p = 0.0022 (E). See also Figure S1.
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the modification steps can be bypassed without noticeable ef-

fects on translational rescue of proteins with polyproline motifs.

Even modification of EF-P with a-lysine instead of b-lysine de-

creases its activity.38 Notably, the absence of modification in

EF-P impairs the synthesis of proteins with polyproline motifs.9

This study revealed that only one-third of proteins with polypro-

line motifs found to be downregulated in the Defp mutant were

rescued by unmodified E-FP (DepmA mutant) (Data S2). Thus,

while the lack of PTM does not completely prevent EF-P from

its original mode of action, it impacts its efficiency. The PTM of

E. coli EF-P is associated with metabolic (b-lysine) and energetic

costs (ATP) as well as the production of the modification en-

zymes EpmA, EpmB, and EpmC.

The relatively high abundance of diproline (XPPX) motif-con-

taining proteins in E. coli (2,101 motifs, 0.49 motif/protein),13

shown to cause ribosome stalling,9 underscores the need for

an EF-Pwithmaximal functionality tomaintain proteome homeo-

stasis, especially at high growth rates.28Many representatives of

Actinobacteria have an even higher number of XPPX motifs

within their proteomes.27 In Streptomyces coelicolor and Myco-

bacterium tuberculosis, the number of XPPX motifs even sur-

passes the number of encoded proteins (1.08 motif/protein

and 1.17 motif/protein, respectively).27 Accordingly, one would

expect PTMs to be crucial in these bacteria. However, the acti-

nobacterial EF-Ps are not modified.27 Both S. coelicolor and

M. tuberculosis grow very slowly.27,39–41 In these slowly growing

bacteria, an unmodified, and therefore metabolically and ener-

getically less demanding, EF-P could provide a selective advan-

tage when coping with the production of a large number of pro-

teins with polyproline motifs.

However, actinobacterial unmodified EF-Ps could not

rescue the translation of PP proteins in E. coli.27 To find out

why certain EF-Ps exhibit functionality in their native host

without PTM, but are non-functional in E. coli, we analyzed

the activity of EF-Ps belonging to the PGKGP subfamily from

different phyla (Figure 1A). We found that of all eight tested

PGKGP subfamily EF-Ps, the EF-P from R. vannielii was able

to rescue the translation of proteins with polyproline motifs

in E. coli (Figures 1B and 1C). Importantly, the EF-P from

R. vannielii retained its functionality in an unmodified state

in E. coli (Figures 1D and 1E). E. coli strains expressing

R. vannielii efp rescued growth defects observed in E. coli mu-

tants lacking efp or epmA. Moreover, the proteome profiles of

R. vannielii EF-P-producing strains closely resemble those of

the WT (Figures 2B–2F).

EF-Ps have conserved regions required for ribosomal contact

and adopt a tRNA-like structure, hinting at the evolutionary

origin of these proteins.31,42 The analogy of EF-P to tRNA, which

is one of the building blocks of the translational machinery, likely

increased the ability of this protein to bind between the ribo-

somal E- and P-sites42 (Figure S7A). Therefore, we hypothe-

sized that inactive EF-Ps might essentially be functional in

E. coli but hindered from contributing to the translation process

by weak binding to the ribosome or insufficient contact to the

tRNA. To investigate this, we developed a synthetic molecular

engineering workflow involving the substitution of amino acids

based on the sequence of the functional R. vannielii EF-P (Fig-

ure 4B). By replacing single amino acids at positions 35, 50, and

63–65 (numbered according to S. venezuelae EF-P, Figure 4A),

we successfully converted initially non-functional EF-Ps of

S. venezuelae, P. gingivalis, and W. virosa into functional ones

in E. coli (Figures 4C, 4E, and 5A–5D). Previous studies have re-

ported the importance of certain amino acids at position 35

for EF-P activity. Pinheiro et al. showed that a proline at position

34 (position 35 in S. venezuelae) is necessary for EF-P to func-

tion with highest activity in Corynebacterium glutamicum, as

substitutions to alanine, glutamine, glycine, and asparagine

decreased activity of the corresponding EF-P variants.27 In

E. coli, a glutamine (Q) at the corresponding position has

been shown to be required for proper function of EF-P.30 These

observations are in line with our results, as substitution of this

proline to glutamine significantly increased the activity of the

corresponding S. venezuelae, P. gingivalis, and W. virosa vari-

ants in E. coli (Figures 5A–5C). It is suggested that the amino

acid at position 35 is essential for the correct positioning of

the conserved lysine (either modified or non-modified) in the

b-hairpin to get contact with P-site tRNA.15,27 The presence of

a glutamine at this particular position could be important to

Figure 5. Optimized unmodified EF-P variants are active in E. coli

(A–D) Activity measurements of EF-P variants from S. venezuelae (A), P. gingivalis (B), andW. virosa (B, C, and D) in E. coli using the PcadBA::lacZ-based reporter

assay. Color code in (B), (C), and (D) corresponds to the strains used in (A). The b-galactosidase activities are given in Miller units (MU). EF-P production was

confirmed by western blot analysis using antibodies against the His-tag. Protein bands corresponding to a 72-kDa protein after staining with 2,2,2-tri-

chloroethanol (TCE) were used as loading controls.

(E) Growth of E. coli mutants expressing W. virosa_S1-S3 efp in LB at 37�C.

(F andG) Deconvolutedmass spectra of the chromosomally encoded His-taggedW. virosa EF-P _S1-S3, heterologously produced in E. coliDepmA or E. coliWT,

respectively. It should be noted that the calculated mass of W. virosa corresponds to a protein without the first methionine.

(H and I) Deconvoluted mass spectra of the chromosomally encoded His-tagged W. virosa EF-P WT, heterologously produced in E. coli DepmA or E. coli WT,

respectively. Calculated masses correspond to W. virosa EF-P_WT_6xhis = 22270.16 Da and W. virosa EF-P_WT_6xhis without the first methionine =

22139.12 Da. Error bars in (A)–(D) indicate the standard deviation (SD) of at least three independent biological replicates. Data in (E) are mean values with error

bars representing the standard deviation (SD) of four independent biological replicates. Statistics: Student’s unpaired two-sided t test (****p < 0,0001;

***p < 0.001; **p < 0.01; *p < 0.05; ns p > 0.05). Calculated p values: Defp DepmA (S. v._A1 vs. S. v._A1_A2, **p = 0.0045; S. v._A1_A2 vs. S. v._A1_A2_A3,

*p = 0.0454;S. v._A1_A3 vs.S. v._A1_A2_A3, *p = 0.0250;S. v._A2_A3 vs.S. v._A1_A2_A3, *p = 0.0349), E. coli (inDefp) vs.S. v._A1_A2_A3 (inDefpDepmA), **p =

0.0096 (a); Defp DepmA (P. g. vs. P. g._P34Q, *p = 0.0244; P. g. vs. P. g._E62K, *p = 0.0132; W. v. vs. W. v._P34Q, ***p = 0.0006; W. v. vs. W. v._E62K,

**p = 0.0094), E. coli (in Defp) vs.W. v_P34Q (in Defp DepmA), ***p = 0.0005 (B); E. coli (in Defp) vs.W. v_S1_S2_S3 (in Defp DepmA), ns p = 0.1484 (C). E. coli (in

Defp) vs. E. coli (inDefpDepmA), ***p = 0.0003;W. v._V49R (inDefp) vs.W. v._V49R (inDefpDepmA), ns p = 0.4876;W. v._S1_S2_S3 (inDefp) vs.W. v._S1_S2_S3

(inDefp DepmA), ns p = 0.0506; R. v. (inDefp) vs. R. v. (inDefp DepmA), ns p = 0.1176; E. coli (inDefp) vs.W. v. S1_S2_S3 (inDefp DepmA), ns p = 0.2580 (D). See

also Figures S1–S3 and S7.
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allow contacts with the E. coli ribosome (23S rRNA) and conse-

quently stabilization and/or orientation of the b-hairpin with

the essential lysine at the tip in the absence of a modification

(Figure S7B).

Another interesting finding was that substitution of amino

acids at position 50 into an arginine (R) resulted in an increase

in activity for all tested variants (Figure 4E). This positively

charged amino acid is predicted to be in close contact with the

ribosome15,16,42 and therefore important for the corresponding

EF-P to establish contacts with the ribosome (Figure S7C). We

noted that a positively charged amino acid at position 50 is

also found in some EF-P orthologs, the eukaryotic/archaeal initi-

ation factor 5A (e/aIF5A).31 Finally, the substitution of GAD (posi-

tions 64_66 in E. coli) against KVR had a major impact on the

functionality of the unmodified EF-P variants and might be ex-

plained by a stabilization of the interaction between EF-P and

the P-site tRNA15 (Figure S7D).

In conclusion, bacteria, archaea, and eukaryotes have evolved

different ways to cope with the synthesis of proteins containing

polyproline motifs. There are functional EF-Ps that require

PTMs, as well as those that do not necessitate modification. Ac-

cording to previous knowledge, it was suggested that the tip of

the modified loop of EF-P reaches the carbonyl group of the

P-site tRNA substrate in the peptidyl transferase center and sta-

bilizes it for the transpeptidation reaction.2,6,43 Our study reveals

that naturally occurring unmodified EF-Ps, which have low activ-

ity in E. coli, can be made functional by altering distinct amino

acids. This suggests that the alleviation of the polyproline-

dependent ribosome stalling by EF-P may not be exclusively

related to the PTM itself but rather to the affinity of EF-P to the

ribosome and/or the tRNA-Pro in the P-site.

The modification of EF-P with b-lysine in E. coli requires not

only a substrate but also energy-intense enzymes to catalyze

this process. Here, we describe an EF-P that is functional in

E. coli without the need for a PTM, making it attractive for future

studies aiming to reallocate cellular energy for other energy-

consuming processes in bacteria. An optimally functioning

EF-P is important for proteome homeostasis and bacterial viru-

lence.44,45 Thus, decrypting the functional design of unmodified

EF-P in E. coli not only directs protein production in a resource-

efficient manner for scientific and industrial applications but also

extends the fundamental understanding of the functional princi-

ples of this translation factor.

Limitations of the study

Our study provides insights into the functional design of unmod-

ified translation elongation factor P. There are limitations of the

study that we would like to address. All of the EF-P variants we

generated were tested for production using the western blot

technique. As this is a semi-quantitative technique, we could

not calculate the specific activity of the variants. In addition,

we did not test their individual stability and conformational het-

erogeneity. We do not exclude other possible substitution com-

binations that would lead to active unmodified EF-Ps in E. coli.

To gain insights into the molecular mechanism for the rescue

of ribosome stalling by unmodified EF-P, additional data are

required, such as determining the affinity of EF-P variants to

bind to the ribosome.
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Bacterial and virus strains

See Data S3 (Sheet ‘strain list’) This study N/A

Chemicals, peptides, and recombinant proteins
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ortho-Nitrophenyl-b-galactoside Carl Roth GmbH + Co. KG 2492-87-7
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Q5� Site-Directed Mutagenesis Kit New England BioLabs Cat# E0554S

iST Kit Preomics P.O.00001

Deposited data

Mass spectrometry proteomics data ProteomeXchange ProteomeXchange: PXD044929

Oligonucleotides

See Data S3 (sheet ‘primer list’) This study N/A

Recombinant DNA

See Data S3 (sheet ‘plasmid list’) This study N/A

See Data S3 (sheet ‘genomic DNA list’) DSMZ N/A
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Tyanova & Cox47
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ProteoWizard Chambers et al.48 http://www.proteowizard.org/download.html

Standalone DIA-NN software 1.8.1 Demichev et al.49 https://github.com/vdemichev/DiaNN

UCSF ChimeraX Goddard et al.,50 Pettersen et al.51 https://www.rbvi.ucsf.edu/chimerax

AlphaFold2 ColabFold 1.5.2 Jumper et al.,33

Mirdita et al.52
N/A

ImageJ 1.54d Schneider et al.53 https://imagej.net/software/imagej/
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Other
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Data and code availability
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

All bacterial strains used in this study are listed in Data S3. E. coli was cultivated in lysogeny broth (LB) supplemented with

antibiotics under agitation (750 rpm) at 37�C. Bacterial growth experiments were conducted in 50 mL glass flasks filled with

15 mL LB. For the spot assay, overnight cultures were resuspended in LB to an optical density (600 nm) (OD600) of 0.01, spotted

in dilutions (10-3 to 10-5) on LB plates and grown for 18 h at 37�C. For CadC production, cells were grown in buffered LB at pH

5.8.7 To investigate b-galactosidase activity on solid media, LB agar plates were supplemented with S-Gal� (300 mg/mL) and ferric

ammonium citrate (500 mg/L). For EF-P overproduction, growth media were supplemented with L-arabinose [0.2% (w/v)] and chlor-

amphenicol. Antibiotic concentrations used in this study: 34 mg/mL chloramphenicol, 50 mg/mL kanamycin sulfate.

METHOD DETAILS

Plasmid and bacterial strain construction

All primers and plasmids constructed in this study are shown in Data S3. All PCR reactions were conducted using the Q5 polymerase

(New England BioLabs) according tomanufacturer’s instructions. Standard DNA restrictions were performed in rCutSmart buffer and

the fragmentswere ligated into the corresponding vectors using the T4 ligase (NewEnglandBioLabs). efp genes from various species

including a sequence coding for a C-terminal 6xHis tag were cloned in pBAD33. Plasmids were isolated using Hi Yield Plasmid Mini

Kit (Sued Laborbedarf), whereas PCR fragments from the agarose gel were purified using the High-Yield PCR Cleanup and Gel

Extraction Kit (New England BioLabs). Site-specific mutagenesis of efp was carried out with the Q5 Site-Directed Mutagenesis Kit

(New England BioLabs) according to manufacturer’s instructions.

E. coli mutants expressing efp variants were constructed using double homologous recombination with neomycin acetyltransfer-

ase and SacB as the selection or counterselection markers, respectively.55 Overlapping regions of E. coli efpwith the promoter of its

modification enzyme epmB and the lipoprotein entericidin A (ecnA) were considered by keeping the 50 and 30 gene regions of E. coli

efp present in the chromosome56 (Figures 2A, S3A, and S3E). All nucleotide and protein sequences were analyzed using CLC Main

Workbench 8.1.2 (Qiagen).

b-Galactosidase activity assays

Reporter strains MG1655 DlacZ PcadBA:lacZ Defp and MG1655 DlacZ PcadBA:lacZ Defp DepmA transformed with plasmids expressing

efp and its variants were inoculated in 1.8 mL buffered LB pH 5.8 (91.5 mM KH2PO4; 8.5 mMK2HPO4; 0.2% (w/v) arabinose; chloram-

phenicol) andmicroaerobically grownunder agitation (ThermomixerComfort; 700 rpm)at 37�Covernight. Theovernight culturewas split

into three tubes tomeasure optical density, b-galactosidase activity and detect EF-P in aWestern Blot. For the b-galactosidase activity

measurements, cells were harvested from 500 mL liquid culture by centrifugation and resuspended in 1 mL cooled (4�C) assay buffer

(60mMNa2HPO4; 40mMNaH2PO4; 10mMKCl; 1mMMgSO4; 50mMb-mercaptoethanol; pH7.0). Cellswere permeabilized byadding

100 mL chloroform and 50 mL 0.1% sodium dodecyl sulfate (SDS). Prior to the measurements, all samples were incubated for 5 min at

37�C. The reaction was started by adding 0.2 mL of the substrate ortho-Nitrophenyl-b-galactoside (o-NPG, Carl Roth GmbH + Co.

KG; 4mg/mL in assay buffer). Total incubation timewith the substrate was recordedwhen yellow color was developed until the reaction

was stopped by adding 0.5 mL of 1 M Na2CO3. Samples were centrifuged and 1 mL of the supernatant was used for absorption mea-

surements at 420 nm.7,27Themeasuredb-galactosidaseactivity is given inMillerUnits (MU), calculatedaccording toMiller et al., 1992.57

Protein purification and structural analysis

For the recombinant R. vannielii EF-P production, efp was cloned into the pET expression plasmid and overproduced using the pET

expression system in E. coli BL21 (DE3) (Invitrogen). Cells were harvested after cultivation in LB supplemented with IPTG (1 mM) at
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18�Covernight, and the resulting pellet was frozen at�80�C.Cells with chromosomally incorporatedHis-tagged efp (R. vannielii EF-P

andW. virosa EF-P) were grown in LB until the mid-exponential growth phase, harvested and kept at�80�C until further processing.

For lysis, cells were resuspended in 0.1 M, pH 7.6 sodium phosphate buffer (supplemented with 300 mM NaCl and DNase) and

lysed using the high-pressure cell disrupter (Constant Systems), by running the sample twice under 1.9 kbar with subsequent cell

fractionation using ultracentrifugation. The His-tagged proteins were purified using Ni-NTA Agarose beads (Qiagen) with 0.1 M,

pH 7.6 sodium phosphate buffer supplemented with 300mMNaCl and 30mM–200mM imidazole. Samples were dialyzed to remove

imidazole at 4�C for 24 h using SERVAPORE dialysis tubing (MWCO12000–14000, SERVA) according tomanufacturer’s instructions.

Proteins were concentrated using the Amicon Ultra-15 Centrifugal Filter Units, 3kDa (Millipore).

TheR. v. EF-P structure was predicted using AlphaFold2 ColabFold (v1.5.2).33,52 All structural models were generated using UCSF

ChimeraX.50,51

SDS-PAGE and Western Blot analysis

Proteins were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)58 using 12.5% Bis-tris acryl-

amide gels. Gels were stained with 2,2,2-trichloroethanol (TCE) to detect protein bands corresponding to a 72 kDa protein which

served as loading controls. All proteins were transferred to a nitrocellulose membrane using the wet-blot apparatus (Mini Trans-

Blot Cell, Bio-Rad). E. c. EF-P was detected by incubating the membrane in Tris-buffered saline (TBS) with primary polyclonal anti-

bodies against E. coli EF-P (rabbit, Eurogentec)38 with final concentration of 1:5,000, whereas His-tagged EF-P was detected with

primary monoclonal antibodies against the His-Tag (1:10,000; RRID: AB_2536841, Invitrogen). Membranes were incubated with the

secondary antibodies conjugated with a fluorophore (1:20,000 in TBS) (anti mouse: Cat# ab216776; anti rabbit: Cat# ab216773) and

imaged using the Odyssey CLx (LI-COR Biosciences). For detection of R. vannielii EF-P, recombinantly produced EF-P was purified

and sent to Eurogentec for polyclonal antibody generation (Speedy 28-day program in rabbits, Eurogentec). The blood serum con-

taining antibodies against the R. vannielii EF-P (a 652) was diluted to final concentration of 1:100. Relative protein band intensities in

Western blot analysis were calculated using ImageJ1.54d.53

Mass spectrometry for identification of modification status

For top-down EF-P measurements the purified proteins were desalted on the ZipTip with C4 resin (Millipore, ZTC04S096) and eluted

with 50% (v/v) acetonitrile 0.1% (v/v) formic acid (FA) buffer resulting in �10 mM final protein concentration in 200–400 mL total vol-

ume. MS measurements were performed on an Orbitrap Eclipse Tribrid Mass Spectrometer (Thermo Fisher Scientific) via direct in-

jection, a HESI-Spray source (Thermo Fisher Scientific) and FAIMS interface (Thermo Fisher Scientific) in a positive, peptide mode.

Typically, the FAIMS compensation voltage (CV) was optimized by a continuous scan. The most intense signal was usually obtained

at �5 CV. The MS spectra were acquired with at least 120,000 FWHM, AGC target 100 and 2–5 microscans covering the 800–1100

m/z range. The spectra were deconvoluted in Freestyle (Thermo Scientific) using the Xtract Deconvolution algorithm.

For bottom-up proteomics, samples were prepared in 96-well plate using the optimized SP3 protocol.59 The purified EF-P sample

(1 mL, 10 mM) was diluted to total volume of 50 mL with 1% NP40, 0.2% (w/v) SDS in 25 mM HEPES, pH 7.5. The protein was loaded

onto a mixture of hydrophilic and hydrophobic carboxylate-coated magnetic beads (10 mL each) pre-washed three times with 100 mL

of MS-grade H2O. The magnetic beads with protein sample were mixed at 850 rpm, 1 min at room temperature (RT). To initiate the

binding, 60 mL of absolute EtOHwas added, and themixture was incubated at RT for 5min at 850 rpm. Subsequently, the beadswere

washed three times with 80% (v/v) EtOH, with incubation at RT for 1 min and 850 rpm between each wash. After the last wash the

beads were resuspended in 50 mL of 100 mM ammonium acetate buffer (ABC). The proteins were reduced and alkylated by addition

of 5 mL of 100 mM tris(2-carboxyethyl) phosphine (TCEP) and 5 mL of 400 mM chloroacetamide (CAA) and incubation at 95�C for

5 min, 850 rpm. Samples were cooled to RT. The on-beads digestion was performed with chymotrypsin. Chymotrypsin digestion:

ABC buffer was supplemented with 10 mMCaCl2, 1 mg of chymotrypsin (Thermo Scientific, 90056) and incubated at 25�C overnight.

The resulting peptide mixture was eluted from themagnetic beads into a new 1.5mL tube. Themagnetic beads were washed with 50

and 30 mL of 1% (v/v) formic acid and incubated at 40�C, 850 rpm for 5 min. The fractions were added to the first elution fraction. The

combined fractions were further purified from remaining magnetic beads. Alternatively, for R. v. EF-P overproduced in E. coli, the

EF-P was directly digested in ABC buffer (50 mL) supplemented with 10 mM CaCl2 and 1 mg of chymotrypsin (Thermo Scientific,

90056), without previous clean-up on magnetic beads.

MS measurements were performed on an Orbitrap Eclipse Tribrid Mass Spectrometer (Thermo Fisher Scientific) coupled to an

UltiMate 3000 Nano-HPLC (Thermo Fisher Scientific) via a nanospray Flex ion source (Thermo Fisher Scientific) equipped with col-

umn oven (Sonation) and FAIMS interface (Thermo Fisher Scientific). Peptides were loaded on an Acclaim PepMap 100 mm-precol-

umn cartridge (5 mm, 100 Å, 300 mm ID x 5 mm, Thermo Fisher Scientific) and separated at 40�C on a PicoTip emitter (noncoated,

15 cm, 75 mm ID, 8 mm tip, New Objective) that was in-house packed with Reprosil-Pur 120 C18-AQ material (1.9 mm, 150 Å, Dr.

A. Maisch GmbH). Buffer composition. Buffer A consists of MS-grade H2O supplemented with 0.1% FA. Buffer B consists of aceto-

nitrile supplemented with 0.1% FA. The 41- or 126-min LC gradient from 4 to 35.2% buffer B was used. The flow rate was 0.3 mL/min.

Data-independent acquisition

The DIA duty cycle consisted of one MS1 scan followed by 30 MS2 scans with an isolation window of the 4 m/z range, overlapping

with an adjacent window at the 2 m/z range. MS1 scan was conducted with Orbitrap at 60000 resolution power and a scan range of

200–1800m/z with an adjusted RF lens at 30%.MS2 scans were conducted with Orbitrap at 30000 resolution power, RF lens was set
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to 30%. The precursor mass window was restricted to a 500–740 m/z range. HCD fragmentation was enabled as an activation

method with a fixed collision energy of 35%. FAIMS was performed with one CV at �45V for both MS1 and MS2 scans during

the duty cycle.

Data-dependent acquisition

(R. v. EF-P overproduced in E. coli) Formeasurements of DDA, the Orbitrap Eclipse Tribrid Mass Spectrometer was operated with the

following settings: Polarity: positive; MS1 resolution: 240k; MS1 AGC target: standard; MS1 maximum injection time: 50 ms; MS1

scan range:m/z 375–1500;MS2 ion trap scan rate: rapid;MS2AGC target: standard;MS2maximum injection time: 35ms;MS2 cycle

time: 1.7 s; MS2 isolation window: m/z 1.2; HCD stepped normalised collision energy: 30%; intensity threshold: 1.0e4 counts;

included charge states: 2–6; dynamic exclusion: 60 s. FAIMS was performed with two alternating CVs, including �50 V and �70 V.

Mass spectrometry for identification of modification status

Computational evaluation of DIA raw files

Raw files were converted in the first step with ‘‘MSConvertGUI’’ as a part of the ‘‘ProteoWizard’’ software48 package (http://www.

proteowizard.org/download.html) to an output mzML format applying the ‘‘peakPicking’’ filter with ‘‘vendor msLevel = 1’’, and the

‘‘Demultiplex’’ filter with parameters ‘‘Overlap Only’’ and ‘‘mass error’’ set to 10 ppm.

Standalone DIA-NN software under version 1.8.1 was used for protein identification and quantification49

First, a spectral library was predicted in silico by the software’s deep learning-based spectra, RTs and IMs prediction using Uniprot

E. coli decoyed FASTA (canonical and isoforms with added R. vannielii EF-P sequence). DIA-NN search settings: FASTA digest for

library-free search/library generation option was enabled, together with amatch between runs (MBR) option and precursor FDR level

set at 1%. Library generation was set to smart profiling, Quantification strategy - Robust LC. The mass accuracy and the scan win-

dowwere set to 0 to allow the software to identify optimal conditions. The precursor m/z range was changed to 500–740m/z to fit the

measuring parameters. Carbamidomethylation was set as a fixed modification, oxidation of methionine and N-term acetylation were

set as variable modifications. On the contrary, the small-scale samples of the 96-well plate were calculated without carbamidome-

thylation as a fixed modification.

Computational evaluation of DDA raw files

MSRaw files were analyzed usingMaxQuant software. Searches were performed against the Uniprot database for E. coli (R. vannielii

EF-P sequence). At least two unique peptides were required for protein identification. False discovery rate determination was carried

out using a decoy database and thresholds were set to 1% FDR both at peptide-spectrum match and at protein levels.

Mass spectrometry for proteome analysis

Cellswere cultivated in LBunder constant shaking at 37�Cuntil reaching the exponential growth phase. Cellswere harvested (OD600=

0.5) and were processed with the iST kit (Preomics) as recommended by themanufacturer. Samples were evaporated to dryness, re-

suspended in LC-LOAD buffer to 0.2mg/mL and injected in an Ultimate 3000 RSLCnano system (Thermo) separated in a 25-cmAurora

column (Ionopticks) with a 100-min gradient from 4 to 40% acetonitrile in 0.1% formic acid. The effluent from the HPLC was directly

electrosprayed into anOrbitrap Exploris 480 (Thermo) operated in data dependentmode to automatically switchbetween full scanMS

and MS/MS acquisition. Survey full scan MS spectra (from m/z 350–1200) were acquired with a resolution of R = 60,000 at m/z 400

(AGC target of 3x106). The 20most intensepeptide ionswith charge states between 2 and6were sequentially isolated to a target value

of 1x105 and fragmented at 30% normalized collision energy. Typical mass spectrometric conditions were: spray voltage, 1.5 kV; no

sheath and auxiliary gas flow; heated capillary temperature, 275�C; intensity selection threshold, 3x105.

The MaxQuant 2.1.0.0 software was used for protein identification and quantification by label-free quantification (LFQ)29 with the

following parameters: Database Uniprot_UP000000625_Ecoli_20220309.fasta including the Rhodomicrobium vannielii EFP

sequence; MS tol, 10 ppm; MS/MS tol, 20 ppm Da; Peptide FDR, 0.1; Protein FDR, 0.01 min; Peptide Length, 7; Variable modifica-

tions, Oxidation (M); Fixedmodifications, Carbamidomethyl (C); Peptides for protein quantitation, razor and unique; Min. peptides, 1;

Min. ratio count, 2. For display and analysis, the Perseus software46,47 was used. A list as a reference for proteins with polyproline-

motifs in E. coli was taken from Qi et al..13 Data have been uploaded to the PRIDE repository54 (ProteomeXchange: PXD044929).

QUANTIFICATION AND STATISTICAL ANALYSIS

All measurements, except intact protein mass measurements and chymotrypsin digestions, are from at least three biological repli-

cates. Statistical analysis was done using Microsoft Office Excel 2019 (student’s unpaired two-sided t test). Error bars in all growth

curves and bar graphs represent the standard deviation (SD). Values were considered as significantly different when the calculated p

value was below 0.05.

Perseus (2.0.9.0) was used to log2 transform LFQ intensities, replace missing values from normal distribution and construct the

volcano plots. To determine which proteins were differentially expressed between experimental conditions, we applied a t test

with a permutation-based FDR calculation with n = 3, FDR = 0.05 and s0 = 0.1 to the log 2 LFQ protein values, where s0 controls

the relative importance of t test p value and difference between means. At s0 = 0 only the p value matters, while at nonzero s0

also the difference of means plays a role.60
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Supplementary Table S1. Protein sequence identity of E. coli EF-P and EF-Ps of the PGKGP-
subfamily. Related to Figure 1.

Multiple sequence alignment and percent identity matrix were calculated using the Multiple Sequence
Alignment Tool from Clustal Omega (Clustal 2.1) and is given in percentage (%).

E. c.
C. h. 
C. l. 
C. a. 
C. w.

- Escherichia coli

- Campylobacter lari
- Cellulophaga algicola
- Conexibacter woesei

P. g. - Porphyromonas gingivalis
R. v. - Rhodomicrobium vannielii
S. v. - Streptomyces venezuelae
W. v. - Weeksella virosa

- Campylobacter hominis

E. c. C. h. C. l. C. a. C. w. P. g. R. v. S. v. W. v.
E. c. 44.92 44.15 39.13 40.54 41.08 32.09 41.94 37.84
C. h. 44.92 88.83 40.86 44.86 43.01 40.64 43.32 40.86
C. l. 44.15 88.83 40.86 45.95 40.86 37.97 42.25 40.32
C. a. 39.13 40.86 40.86 44.86 53.19 32.97 43.01 66.49
C. w. 40.54 44.86 45.95 44.86 45.65 35.14 46.49 50.54
P. g. 41.08 43.01 40.86 53.19 45.65 35.68 49.46 57.98
R. v. 32.09 40.64 37.97 32.97 35.14 35.68 36.56 31.89
S. v. 41.94 43.32 42.25 43.01 46.49 49.46 36.56 41.94
W. v. 37.84 40.86 40.32 66.49 50.54 57.98 31.89 41.94
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Supplementary Figure S1. Western blot analysis of His-tagged EF-P variants in E. coli.
Related to Figures 1, 3, 4 and 5.
Uncropped Western blot membranes related to Fig. 1c (a), Fig. 3b (b), Fig. 4c (c), Fig. 4d (d), Fig. 
4e (e), Fig. 5a (f), Fig. 5b (g), Fig. 5c (h) and Fig. 5d (i). EF-P production was conormed by Western 
Blot analysis using antibodies against the His-tag. Lanes labelled with <X= correspond to samples not 
shown in the cropped images. 
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Supplementary Figure S2. Mass spectrometry analysis of EF-Ps produced in E. coli. Related to 
Figures 1 and 5.

a Intact mass spectra of recombinantly overproduced R. vannielii EF-P, purified from E. coli wt. b Intact mass 
spectra of His-tagged R. vannielii EF-P (chromosomally encoded), purified from E. coli wt. c Intact mass 
spectra of His-tagged W. virosa EF-P variant with substitutions S1-S3 (chromosomally encoded), purified 
from E. coli �epmA. d Intact mass spectra of His-tagged W. virosa EF-P variant with substitutions S1-S3 
(chromosomally encoded), purified from E. coli wt. e Intact mass spectra of His-tagged W. virosa EF-P wt 
(chromosomally encoded),purified from E. coli �epmA. f Intact mass spectra of His-tagged W. virosa EF-P 
wt (chromosomally encoded), purified from E. coli wt. S 3 substitution (S1 3 P34Q; S2 3 V49R; S3 3 E62K).

Supplementary Figure S2 was resized to ot A4 page. 
The original, full-size version is available at https://doi.org/10.1016/j.celrep.2024.114063



Supplementary Figure S3. Protein production of His-tagged EF-P variants in E. coli. Related to
Figures 1, 2 and 5.
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a Schematic overview of the constructed E. coli mutants expressing his-tagged efp or R. v. efp. b Western 
blot analysis of EF-P-His production in E. coli mutants after cells were grown in LB medium to mid-
exponential phase using antibodies against E. coli EF-P. c Western blot analysis of R. v. EF-P production 
in E. coli mutants after cells were grown in LB medium to early-exponential (2h), mid-exponential (4h) and 
early-stationary (6h) phase using antibodies against the His-tag. d Quantification of His-tagged E. coli and 
R.vannielii EF-P production in cells of three independent biological replicates. The numbers in bold 
correspond to the strains used in c. e Schematic overview of the constructed E. coli mutants expressing 
his-tagged efp variants of W. virosa. f Western blot analysis of W. virosa EF-P variant production in E. coli 
mutants after cells were grown in LB medium to early-exponential (2h), mid-exponential (4h) and early-
stationary (6h) phase  using antibodies against the  His-tag. g Quantification of His-tagged E. coli and W. 
virosa EF-P variant production in cells of three independent biological replicates. The numbers in bold 
correspond to the strains used in f. Relative band intensities calculated using ImageJ are displayed above 
the corresponding protein bands. Protein bands corresponding to a 72 kDa protein after staining with 2,2,2-
trichloroethanol (TCE) were used as loading controls. Gene insertions in a and e are depicted in coloured 



boxes, and promoter locations as coloured arrows. S1-S3 - amino acid substitutions (S1 3 P34Q; S2 3 
V49R; S3 3 E62K). Statistics: error bars represent the standard deviation (SD) of at least three independent 
biological replicates; student9s unpaired two-sided t-test (****p < 0,0001; ***p < 0,001; **p <0,01; *p < 0,05; 
ns p > 0,05). 2h (�efp_his vs. �efp_his �epmA, ns p = 0.3557; �efp_his vs. �efp::R. v.efp_his, *p = 0.0232; 
�efp_his �epmA vs. �efp::R. v. efp_his �epmA, **p = 0.0092), 4h (�efp_his vs.�efp_his �epmA, ns p = 
0.1104), 6h (�efp_his vs. �efp_his �epmA, ns p = 0.0608) (d). 2h (�efp_his vs.�efp_his �epmA, ns p = 
0.2041), 4h (�efp_his vs. �efp_his �epmA, ns p = 0.5752; �efp_his vs. �efp::W. virosa_efp_S1-S3_his, *p 
= 0.0350, 6h (�efp_his vs. �efp_his �epmA, ns p = 0.7399), 4h vs. 6h (�efp:: W. virosa_efp_S1-S3_his, ns 
p = 0.0657; �efp:: W. virosa_efp_S1-S3_his �epmA, ns p = 0.4331) (g).



Supplementary Figure S4. Comparison of the sequence of EF-Ps from diferent R. vannielii strains
and the publicly available sequences. Related to Figure 1.

Diferent colors represent the polarity of the amino acids (black- hydrophobic, light green-hydrophilic, red-
acidic, blue-basic). Diferences in amino acids between strains are highlighted in pink. Discrepancies
between the EF-P sequences of the type strain DSM 162 used in this study and the publicly available
sequence of R. vannielii ATCC171000 (GenBank accession number NC_014664.1) were ruled out by
comparison with the revised EF-P sequence of R. vannielii ATCC171000 (GenBank accession number
JAEMUJ000000000.1) [S1], and the sequencing results of EF-P from evolutionarily related strains (DSM
23294, DSM 23295, and DSM 23296).

NC_014664.1

NC_014664.1

DSM 162

DSM 23294
DSM 23295
DSM 23296

JAEMUJ000000000

DSM 162

DSM 23294
DSM 23295
DSM 23296

JAEMUJ000000000



Supplementary Figure S5. Proteome-wide analysis of polyproline-containing proteins in the E. coli
mutants �efp, �efp �epmA after complementation with R. v. efp. Related to Figure 2.

a-d Volcano plot analysis highlight the downregulation of proteins with/without polyproline motifs (PP-
motifs) in E. coli mutants �efp (a), �efp �epmA (b), �efp::R. v. efp (c) and �efp::R. v. efp �epmA (d)
compared to wild type (wt). The x-axes show for each protein the fold change (FC) of the mean value of
the log2 protein intensity (LFQ) between two strains. The y-axes show the significance level of the observed
diference between the two strains (-log10 p-value of the t-test). The test was adjusted for multiple
comparisons (permutation-based FDR with n=3, FDR=0.05 and s0=0.1).



Supplementary Figure S6. Construction principles of R. vannielii EF-P and E. coli EF-P hybrids.
Related to Figure 3.
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a Nucleotide and protein sequence alignment of E. coli EF-P and R. vannielii EF-P with selected 
boundaries (black bulk arrows) for each EF-P domain (I-III). b Secondary structure and c 3D structural 
model of E. coli EF-P with selected boundaries between all domains (I-III) for hybrid construction (adapted 
from UniProt P0A6N4, and AlphaFold AF-P0A6N4-F1). d Western blot analysis of EF-P hybrid production 
in cells grown in LB medium to mid-exponential (4h) and early-stationary (6h) phase using antibodies 
against the His-tag. Protein bands corresponding to a 72 kDa protein after staining with 2,2,2-
trichloroethanol (TCE) were used as loading controls. Structure prediction and the conodence score 
(pLDDT) were calculated by AlphaFold. 3D model conodence: very high 3 in dark blue (pLDDT > 90); 
conodent 3 in light blue (90 >pLDDT> 70); low 3 yellow (70 > pLDDT >50); very low 3 red (pLDDT < 50).
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Supplementary Figure S7. Model of potential interactions between E. coli / R. vannielii EF-P and 23S
rRNA / P-site-tRNA in context of amino acid substitutions P35Q, V50R, and 63-65_KVR in
S. venezuelae EF-P. Related to Figure 5.

The Cryo-EM structure of polyproline-stalled ribosome in the presence of E. coli EF-P was adopted from
Huter et al., 2017 [S2] (PDB accession number: 6ENU). Structural models were generated using UCSF
ChimeraX [S3,S4]. The R. v. EF-P structure was predicted using AlphaFold2 ColabFold (v1.5.2) [S5,S6]. a
Schematic presentation of E. coli EF-P (brown), localized relative to the ribosome (23S rRNA) (grey), mRNA
(dark green) and P-site-bound tRNAPro (light green). b Potential interaction between Q36 of E. coli EF-P
and 23S rRNA (G2436) is indicated with a dashed line. As described before [S2] the interactions of ·(R)-ß-
lysyl-hydroxylysine (after post translational modification of K34) with the CCA end of the P-site tRNA (P-
tRNA) and the 23S rRNA (A2439) are shown in dashed lines. c Potential interactions between R51 of E. coli
EF-P or K50 of R. v. EF-P with the phosphate backbone of the 23S rRNA (U1926, A1927), indicated in
dashed lines. Domain I of the predicted R. v. EF-P was superimposed with domain I of the cryo-EM
structure of E. coli EF-P. d Potential interactions between the motif KVR (positions 63-65 in R. v. EF-P) and
the P-tRNA. For comparison, the position of the corresponding GAD motif (amino acids 64-66) in E. coli
EF-P is marked. Amino acids K34, Q36, R51, G64, A65 and D66 in E. coli EF-P correspond to K33, P35,
V50, T63, A64 and T65, respectively, in S. venezuelae EF-P (Fig. 4a).
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2.1  Supplemental Data Tables of Chapter 2 

The tables presented originate from Chapter 2 (https://doi.org/10.1016/j.celrep.2024.114063) and have 

been reformatted to facilitate their transfer from Microsoft Excel to Microsoft Word format. 

 

 

Data S1. Analysis of the PTM status. Chymotrypsin digestion of R. v. EF-P, related to 

Figure 1  

Supplemental online material 

 

Data S2. Summary of the proteomic data. Comparison of detected proteins with and 

without PP motifs between WT and mutants, related to Figure 2 

Supplemental online material 
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Data S3. Plasmid primer strain genomic DNA, related to STAR Methods 

 

 

Plasmid List 

general        

vector name insert  insert source reference 

709-FLPe  Plasmid for removal of FRT flanked resistance 
cassette (Cat. No. A104; AmpR) 

   GeneBridges, 
Germany 

FRT-PGK-gb2-neo-FRT PCR-template (plasmid DNA) for generation of 
a FRT-flanked PGK-gb2-neo cassette, KanR 

 
 

GeneBridges, 
Germany 

pBAD33 (e.V.) CmR-cassette, p15A origin, araC coding 
sequence, ara operator 

 
 

[1] 

pET SUMO pBR322 origin, lacI, T7 lac promoter, N-
terminal 6xhis, SUMO coding sequence, KanR 

 
 

Invitrogen 

pNPTS138-R6KT mobRP4+ori-R6K sacB; suicide plasmid for 
gene deletions; KmR 

 
 

[2] 

E. coli efp        

vector name insert  insert source reference 

pBAD33_E. coli efp_wt_6xhis E. coli efp fused to C-terminal 6xhis  MG1655 This study 

pNTPS138_500_E. coli 
efp_6xhis_500 

E. coli efp (fused to C-terminal 6xhis) flanked 
by homologous regions for chromosomal gene 
substitution 

 BW25113; DSM 
162 (genomic DNA) 

This study 

PGKGP subfamily efps        

vector name insert  insert source reference 

pBAD33_C. algicola efp_6xhis Cellulophaga algicola efp fused to C-terminal 
6xhis 

 DSM-14237 
(genomic DNA) 

This study 

pBAD33_C. algicola efp_V49R_6xhis Cellulophaga algicola efp with a substitution of 
valine to arginine at the position 49; fused to C-
terminal 6xhis 

 DSM-14237 
(genomic DNA) 

This study 

pBAD33_C. hominis efp_6xhis Campylobacter hominis efp fused to C-
terminal 6xhis 

 DSM 21671 
(genomic DNA) 

This study 

pBAD33_C. hominis efp_V50R_6xhis Campylobacter hominis efp with a substitution 
of valine to arginine at the position 50; fused to 
C-terminal 6xhis 

 DSM 21671 
(genomic DNA) 

This study 

pBAD33_C. lari efp_6xhis Campylobacter lari efp fused to C-terminal 
6xhis 

 DSM-11375 
(genomic DNA) 

This study 

pBAD33_C. lari efp_V51R_6xhis Campylobacter lari efp with a substitution of 
valine to arginine at the position 51; fused to C-
terminal 6xhis 

 DSM-11375 
(genomic DNA) 

This study 

pBAD33_C. woesei efp_6xhis Conexibacter woesei efp fused to C-terminal 
6xhis 

 DSM 14684 
(genomic DNA) 

This study 

pBAD33_P. gingivalis efp_6xhis Porphyromonas gingivalis efp fused to C-
terminal 6xhis 

 DSM 20709 
(genomic DNA) 

This study 

pBAD33_P. gingivalis 
efp_P34Q_6xhis 

Porphyromonas gingivalis efp with a 
substitution of proline to glutamine at the 
position 34; fused to C-terminal 6xhis 

 DSM 20709 
(genomic DNA) 

This study 

pBAD33_P. gingivalis 
efp_I49R_6xhis 

Porphyromonas gingivalis efp with a 
substitution of isoleucine to arginine at the 
position 49; fused to C-terminal 6xhis 

 DSM 20709 
(genomic DNA) 

This study 
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pBAD33_P. gingivalis 
efp_E62K_6xhis 

Porphyromonas gingivalis efp with a 
substitution of glutamic acid to lysine at the 
position 62; fused to C-terminal 6xhis 

 DSM 20709 
(genomic DNA) 

This study 

R. vannielii efp        

vector name insert  insert source reference 

H1_pBAD33_I R. v._II R. v._III E. c. 
efp_6xhis 

efp hybrid with the efp domains I - II from 
R. vannielii and efp domain III from E. coli; 
fused to C-terminal 6xhis 

 DSM 162  
(genomic DNA); 
MG1655 

This study 

H2_pBAD33_I R. v._II E. c._III E. c. 
efp_6xhis 

efp hybrid with the efp domain I from 
R. vannielii and efp domains II - III from E. coli; 
fused to C-terminal 6xhis 

 DSM 162  
(genomic DNA); 
MG1655 

This study 

pBAD33_R. vannielii efp_6xhis Rhodomicrobium vannielii efp fused to C-
terminal 6xhis 

 DSM 162  
(genomic DNA) 

This study 

pBAD33_R. vannielii 
efp_K50R_6xhis 

Rhodomicrobium vannielii efp with a 
substitution of lysine to arginine at the position 
50; fused to C-terminal 6xhis 

 DSM 162  
(genomic DNA) 

This study 

pBAD33_R. vannielii 
efp_K50V_6xhis 

Rhodomicrobium vannielii efp with a 
substitution of lysine to valine at the position 
50; fused to C-terminal 6xhis 

 DSM 162  
(genomic DNA) 

This study 

pET_SUMO_R. vannielii efp Rhodomicrobium vannielii efp fused to N-
terminal 6xhis-SUMO 

 DSM 162  
(genomic DNA) 

This study 

pNTPS138_500_E. coli efp1-

17_RBS_R. vannielii 
efp_E. coli_efp182-189_500 

Rhodomicrobium vannielii efp flanked by 
homologous regions, including E. coli efp1-51 

and E. coli efp547-564, for chromosomal gene 
substitution 

 BW25113; 
DSM 162  
(genomic DNA) 

This study 

pNTPS138_500_E. coli efp1-

17_RBS_R. vannielii 
efp_his_E. coli_efp182-189_500 

Rhodomicrobium vannielii efp (fused to C-
terminal 6xhis) flanked by homologous 
regions, including E. coli efp1-51 and E. coli 
efp547-564, for chromosomal gene substitution 

 BW25113;  
DSM 162  
(genomic DNA) 

This study 

S. venezuelae efp        

vector name insert  insert source reference 

pBAD33_S. venezuelae efp_6xhis Streptomyces venezuelae efp fused to C-
terminal 6xhis 

   [3] 

pBAD33_S. venezuelae 
efp_Q27E_6xhis 

Streptomyces venezuelae efp with a 
substitution of glutamine to glutamic acid at the 
position 27; fused to C-terminal 6xhis 

 [3] This study 

pBAD33_S. venezuelae 
efp_H28F_6xhis 

Streptomyces venezuelae efp with a 
substitution of histidine to phenylalanine at the 
position 28; fused to C-terminal 6xhis 

 [3] This study 

pBAD33_S. venezuelae 
efp_N56K_6xhis 

Streptomyces venezuelae efp with a 
substitution of asparagine to lysine at the 
position 56; fused to C-terminal 6xhis 

 [3] This study 

pBAD33_S. venezuelae 
efp_K60S_6xhis 

Streptomyces venezuelae efp with a 
substitution of lysine to serine at the position 
60; fused to C-terminal 6xhis 

 [3] This study 

pBAD33_S. venezuelae 
efp_T65D_6xhis 

Streptomyces venezuelae efp with a 
substitution of threonine to aspartic acid at the 
position 65; fused to C-terminal 6xhis 

 [3] This study 

pBAD33_A1_S. venezuelae 
efp_V50R_6xhis 

Streptomyces venezuelae efp with a 
substitution of valine to arginine at the position 
50; fused to C-terminal 6xhis 

 [3] This study 

pBAD33_A2_S. venezuelae 
efp_P35Q_6xhis 

Streptomyces venezuelae efp with a 
substitution of proline to glutamine at the 
position 35; fused to C-terminal 6xhis 

 [3] This study 

pBAD33_A3_S. venezuelae 
efp_TAT-KVR_63-65_6xhis 

Streptomyces venezuelae efp with a 
substitution of amino acids TAT* to KVR** at 
the positions 63-65; fused to C-terminal 6xhis 

 [3] This study 
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pBAD33_A1_A2_S. venezuelae 
efp_V50R_P35Q_6xhis 

Streptomyces venezuelae efp with 
substitutions: valine to arginine at the position 
50, proline to glutamine at the position 35; 
fused to C-terminal 6xhis 

 [3] This study 

pBAD33_A1_A3_S. venezuelae 
efp_V50R_TAT-KVR_63-65_6xhis 

Streptomyces venezuelae efp with 
substitutions: valine to arginine at the position 
50, TAT* to KVR** at the positions 63-65; 
fused to C-terminal 6xhis 

 [3] This study 

pBAD33_A2_A3_S. venezuelae 
efp_P35Q_TAT-KVR_63-65_6xhis 

Streptomyces venezuelae efp with 
substitutions: proline to glutamine at the 
position 35, TAT* to KVR** at the positions 63-
65; fused to C-terminal 6xhis 

 [3] This study 

pBAD33_A1_A2_A3_S. venezuelae 
efp_V50R_P35Q_TAT-KVR_63-
65_6xhis 

Streptomyces venezuelae efp with 
substitutions: valine to arginine at the position 
50, proline to glutamine at the position 35, 
TAT* to KVR** at the positions 63-65; fused to 
C-terminal 6xhis 

 [3] This study 

W. virosa efp        

vector name insert  insert source reference 

pBAD33_W. virosa efp_6xhis Weeksella virosa efp fused to C-terminal 6xhis  DSM 16922 
(genomic DNA) 

This study 

pBAD33_S1_W. virosa 
efp_P34Q_6xhis 

Weeksella virosa efp with a substitution of 
proline to glutamine at the position 34;  
fused to C-terminal 6xhis 

 DSM 16922 
(genomic DNA) 

This study 

pBAD33_S2_W. virosa 
efp_V49R_6xhis 

Weeksella virosa efp with a substitution of 
valine to arginine at the position 49;  
fused to C-terminal 6xhis 

 DSM 16922 
(genomic DNA) 

This study 

pBAD33_S3_W. virosa 
efp_E62K_6xhis 

Weeksella virosa efp with a substitution of 
glutamic acid to lysine at the position 62; fused 
to C-terminal 6xhis 

 DSM 16922 
(genomic DNA) 

This study 

pBAD33_S1_S3_W. virosa 
efp_P34Q_E62K_6xhis 

Weeksella virosa efp with substitutions: proline 
to glutamine at the position 34; glutamic acid to 
lysine at the position 62; fused to C-terminal 
6xhis 

 DSM 16922 
(genomic DNA) 

This study 

 
 
 
pBAD33_S1_S2_S3_W. virosa 
efp_P34Q_V49R_E62K_6xhis 

 
 
 
Weeksella virosa efp with substitutions: proline 
to glutamine at the position 34; valine to 
arginine at the position 49; glutamic acid 
to lysine at the position 62; fused to C-terminal 
6xhis 

  
 
 
DSM 16922 
(genomic DNA) 

 
 
 
 
This study 

pNTPS138_E. coli efp1-51_RBS_W. 
virosa efp_wt_6xhis_E. coli efp547-564 

Weeksella virosa efp (fused to C-terminal 
6xhis) flanked by homologous regions, 
including E. coli efp1-51 and E. coli efp547-564, for 
chromosomal gene substitution 

 BW25113; 
DSM 16922  
(genomic DNA) 

This study 

pNTPS138_E. coli efp1-51_RBS_W. 
virosa efp_S1-S3_E. coli efp547-564 

Weeksella virosa efp_S1-S3 flanked by 
homologous regions, including E. coli efp1-51 

and E. coli efp547-564, for chromosomal gene 
substitution 

 BW25113;  
DSM 16922  
(genomic DNA) 

This study 

pNTPS138_E. coli efp1-51_RBS_W. 
virosa efp_S1-S3_6xhis_E. coli 
efp547-564 

Weeksella virosa efp_S1-S3 (fused to C-
terminal 6xhis) flanked by homologous 
regions, including E. coli efp1-51 and E. coli 
efp547-564, for chromosomal gene substitution 

 BW25113; 
DSM 16922  
(genomic DNA) 

This study 

 * threonine-alanine-threonine; ** lysine-valine-arginine; AmpR, KanR/KmR – ampicillin, kanamycin resistance 
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Primer List 

 epmA deletion     

  primer name  5´-3´ sequence  restriction site 

P1 pRED_epmA_del_F  TCG CGT TGC GAG TAG ACT TCG TGC CCT TGT 
CAA AAA CTG GAG ATT TAA CTA ATT AAC CCT CAC 
TAA AGG GCG 

 
 

P2 pRED_epmA_del_R  ATG GCG CTT ATC ACG CCA TTC TTC GCT GTT AAT 
TCA GTA ATT TTT CAG AAT AAT ACG ACT CAC TAT 
AGG GCT C 

 
 

 E. coli efp       

  primer name  5´-3´ sequence  restriction site 

P3 pB33_e. coli_efp_wt_F  ATC CTC TAG AAT ATT AAA GAG GAG GAC AGC TAT 
GGC AAC GTA CTA TAG CAA CGA TTT TC 

 XbaI 

P4 pB33_e. coli_efp_wt_R  AGC CAA GCT TTT AGT GAT GGT GAT GGT GAT 
GAG ATC TCT TCA CGC GAG AGA CGT ATT CAC CA 

 HindIII 

P5 pNPTS_e. coli_efp_6xhis_F  CAT CAC CAT CAC TAA TGC GGT TGT GGT GCG  
 

P6 pNPTS_e. coli_efp_6xhis_R  GTG ATG AGA TCT CTT CAC GCG AGA GAC GTA 
TTC 

 
 

 PGKGP subfamily efps       

  primer name  5´-3´ sequence  restriction site 

P7 pB33_c. algicola_efp_wt_F  ATC CTC TAG AAT ATT AAA GAG GAG GAC AGC TAT 
GGC ATC AAC ATC AGA TAT TAG AAA AG 

 XbaI 

P8 pB33_c. algicola_efp_wt_R  AGC CAA GCT TTT AGT GAT GGT GAT GGT GAT 
GAG ATC TTT CTT TAA CAC GTT CCA TGT AAG AA 

 HindIII 

P9 pB33_c. algicola_efp_V49R_F  TTC AGG TAA GAG GTT AGA TAA TAC ATT TTC TGG  
 

P10 pB33_c. algicola_efp_V49R_R  GTT ACA CTT TTC AAC TTT GTA C  
 

P11 pB33_c. hominis_efp_wt_F  ATC CTC TAG AAT ATT AAA GAG GAG GAC AGC TAT 
GTC TTA CTC AAT GGG AGA TCT TAA AA 

 XbaI 

P12 pB33_c. hominis_efp_wt_R  AGC CAA GCT TTT AGT GAT GGT GAT GGT GAT 
GAG ATC TTT TAT TTG CTT TTT CTA TGT ATT CA 

 HindIII 

P13 pB33_c. hominis_efp_V50R_F  AGA CGG TAA AAG GTT GGA AAA AAC TTT CCA C  
 

P14 pB33_c. hominis_efp_V50R_R  ATA AAA GAT TTT ATT TTT ACG CG  
 

P15 pB33_c. lari_efp_wt_F  ATC CTC TAG AAT ATT AAA GAG GAG GAC AGC TAT 
GGC TTC TTA TGG AAT GGG AGA TTT AA 

 XbaI 

P16 pB33_c. lari_efp_wt_R  AGC CAA GCT TTT AGT GAT GGT GAT GGT GAT 
GAG ATC TTT TAT TTG CTC TTT CTA TGT ATT CC 

 HindIII 

P17 pB33_c. lari_efp_V51R_F  CGA TGG TAA GAG GTT AGA AAA AAC TTT CCA TG  
 

P18 pB33_c. lari_efp_V51R_R  ATA AAA GAT TTA ATT TTA ATA CGA ACA AAA G  
 

P19 pB33_c. woeseii_efp_wt_F  ATC CTC TAG AAT ATT AAA GAG GAG GAC AGC TAT 
GAT TTC TAC GAA CCA GCT GAA GAA CG 

 XbaI 

P20 pB33_c. woeseii_efp_wt_R  AGC CAA GCT TCT AGT GAT GGT GAT GGT GAT 
GAG ATC TCG CGC GGG ACA CGT AGT CGC CGG 
AG 

 HindIII 

P21 pB33_p. gingivalis_efp_wt_F  ATC CTC TAG AAT ATT AAA GAG GAG GAC AGC TAT 
GGC TAC AAC GGC AGA CTT TCG CAA CG 

 XbaI 

P22 pB33_p. gingivalis_efp_wt_R  AGC CAA GCT TTT AGT GAT GGT GAT GGT GAT 
GAG ATC TTT CCT TTA CTC TAC CGA TGT AGG AA 

 HindIII 

P23 pB33_p. gingivalis_efp_P34Q_F  CGG CAA AGG CCA GGC TTT CGT CC  
 

P24 pB33_p. gingivalis_efp_P34Q_R  GGC TTG ACG TGA AGG AAT TCG AC  
 

P25 pB33_p. gingivalis_efp_I49R_F  ACA GGA CGT AGG CTC GAT AAG ACC  
 

P26 pB33_p. gingivalis_efp_I49R_R  AGC CAC GTT CTT GAG TTT G  
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P27 pB33_p. gingivalis_efp_E62K_F  CAA GGT CGA AAA AGT CAG AAT AGA ACG ACG  
 

P28 pB33_p. gingivalis_efp_E62K_R  ACG CCG CTG TTC CAG GTC  
 

 R. vannielii efp       

  primer name  5´-3´ sequence  restriction site 

P29 pB33_r. vannielii_efp_wt_F  ATC CTC TAG AAT ATT AAA GAG GAG GAC AGC TAT 
GAA AAT CAA CGG CAA CGA AAT CCG TC 

 XbaI 

P30 pB33_r. vannielii_efp_wt_R  AGC CAA GCT TCT AGT GAT GGT GAT GGT GAT 
GAG ATC TCT CCG CGC GGC GGA TAT AGG CGA 
TC 

 HindIII 

P31 ov_r. v.I_e. c.II and III_F  CCG AGA CCG TTG AGA AAG TTG ATG TTG TCG 
ATA TGA ACC T 

 
 

P32 ov_r. v.I_e. c.II and III_R  AGG TTC ATA TCG ACA ACA TCA ACT TTC TCA ACG 
GTC TCG G 

 
 

P33 ov_r. v.II_e. c.III_F  CCA TCG GCA TCG AGC TGC CCA ACT TCG TTG 
AAC TGG AAA T 

 
 

P34 ov_r. v.II_e. c.III_R  ATT TCC AGT TCA ACG AAG TTG GGC AGC TCG 
ATG CCG ATG G 

 
 

P35 pB33_r. vannielii_efp_K50R_F  AAC GGA TCG AGG CTT AAC GAG  
 

P36 pB33_r. vannielii_efp_K50R_R  GAT AAG GTT TTT CAA CTC GAC  
 

P37 pB33_r. vannielii_efp_K50V_F  CAA CGG ATC GGT GCT TAA CGA G  
 

P38 pB33_r. vannielii_efp_K50V_R  ATA AGG TTT TTC AAC TCG AC  
 

P39 pET_r. vannielii_efp_SUMO_F  ATG AAA ATC AAC GGC AAC GAA ATC CGT CC  
 

P40 pET_r. vannielii_efp_SUMO_R  CTA CTC CGC GCG GCG GAT ATA G  
 

P41 pNPTS_pre_r. vannielii efp_500_F  GAT CGG ATC CCG CAG CAA CAT ACT CAA GTG 
CAG 

 BamHI 

P42 pNPTS_ov_pre_r. vannielii efp_500_R  AGC TGT CCT CCT CTT TAA TAT CTA TAA CAT GAT 
TTT AAG ACC AGC ACG AAA ATC G 

   

P43 pNPTS_ov_ec_efp 1-17_r. vannielii 
efp_F 

 TTA AAG AGG AGG ACA GCT ATG AAA ATC AAC 
GGC AAC GAA ATC CGT CC 

 
 

P44 pNPTS_ov_r. vannielii efp_ec_efp182-
189_R 

 AGA GAC GTA TCT ACT CCG CGC GGC GGA TAT AG    

P45 pNPTS_ov_post_r. vannielii efp_500_F  CGG AGT AGA TAC GTC TCT CGC GTG AAG TAA 
TGC 

   

P46 pNPTS_post_r. vannielii efp_500_R  GAT CGC TAG CCA GAA AAA ACA AAC GGC ACG 
ACA CAG 

 NheI 

P47 pNPTS_r. vannielii_efp_6xhis_F  CAT CAC CAT CAC TAG ATA CGT CTC TCG CGT GAA 
GTA ATG 

 
 

P48 pNPTS_r. vannielii_efp_6xhis_R  GTG ATG AGA TCT CTC CGC GCG GCG GAT ATA  
 

 S. venezuelae efp       

  primer name  5´-3´ sequence  restriction site 

P49 pB33_s. venezuelae_efp_Q27E_F  CGT CGA GTT CGA GCA CGT CAA GCC  
 

P50 pB33_s. venezuelae_efp_Q27E_R  ACG GAC CAG AGC TGG CCG  
 

P51 pB33_s. venezuelae_efp_H28F_F  CGA GTT CCA GTT CGT CAA GCC CGG  
 

P52 pB33_s. venezuelae_efp_H28F_R  ACG ACG GAC CAG AGC TGG  
 

P53 pB33_s. venezuelae_efp_P35Q_F  CGG CAA GGG CCA GGC CTT CGT GC  
 

P54 pB33_s. venezuelae_efp_P35Q_R  GGC TTG ACG TGC TGG AAC TCG ACG  
 

P55 pB33_s. venezuelae_efp_V50R_F  GTC CGG CAA GAG GGT CGA CAA GAC  
 

P56 pB33_s. venezuelae_efp_V50R_R  AGC ACG TTC TTG AGC TTG  
 

P57 pB33_s. venezuelae_efp_N56K_F  AGA CCT TCA AAG CCG GTG TGA AG  
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P58 pB33_s. venezuelae_efp_N56K_R  TGT CGA CGA CCT TGC CGG  
 

P59 pB33_s. venezuelae_efp_K60S_F  GCC GGT GTG AGC GTC GAG ACG G  
 

P60 pB33_s. venezuelae_efp_K60S_R  GTT GAA GGT CTT GTC GAC  
 

P61 pB33_s. venezuelae_efp_T63K_F  GAA GGT CGA GAA GGC CAC CAT CG  
 

P62 pB33_s. venezuelae_efp_T63K_R  ACA CCG GCG TTG AAG GTC  
 

P63 pB33_s. venezuelae_efp_A64V_F  GGT CGA GAC GGT CAC CAT CGA CC  
 

P64 pB33_s. venezuelae_efp_A64V_R  TTC ACA CCG GCG TTG AAG G  
 

P65 pB33_s. venezuelae_efp_T65D_F  CGA GAC GGC CGA CAT CGA CCG C  
 

P66 pB33_s. venezuelae_efp_T65D_R  ACC TTC ACA CCG GCG TTG  
 

P67 pB33_s. venezuelae_efp_T65R_F  CGA GAC GGC CAG AAT CGA CCG CC  
 

P68 pB33_s. venezuelae_efp_T65R_R  ACC TTC ACA CCG GCG TTG  
 

P69 pB33_s. venezuelae_efp_TAT/KVR_F  CAG AAT CGA CCG CCG CGA GAT G  
 

P70 pB33_s. venezuelae_efp_TAT/KVR_R  ACC TTC TCG ACC TTC ACA CCG GC  
 

P71 pB33_s. venezuelae_efp_R145T_F  CCA GGG TGA CAC CTC CAC CGG TGG CAC C  
 

P72 pB33_s. venezuelae_efp_R145T_R  ACG CCC GGG TCG GTG TGC  
 

P73 pB33_s. venezuelae_efp_141-146_F  GAC ACC GCC ACC GGT GGC ACC AAG CCC  
 

P74 pB33_s. venezuelae_efp_141-146_R  ACC CTT CAA GCC CGG GTC GGT GTG CTC  
 

 W. virosa efp       

  primer name  5´-3´ sequence  restriction site 

P75 pB33_w. virosa_efp_wt_F  ATC CTC TAG AAT ATT AAA GAG GAG GAC AGC TAT 
GGC AAC AAC TTC AGA TAT CAG AAA AG 

 XbaI 

P76 pB33_w. virosa_efp_wt_R  AGC CAA GCT TTT AGT GAT GGT GAT GGT GAT 
GAG ATC TTT CTT TCA CGC GTT CTA CAT ACG AA 

 HindIII 

P77 pB33_w. virosa_efp_P34Q_ov1_F  CCA GGG AAA GGA CAG GCA TTT GTT CGT  
 

P78 pB33_w. virosa_efp_P34Q_ov1_R  ACG AAC AAA TGC CTG TCC TTT CCC TGG  
 

P79 pB33_w. virosa_efp_V49R_F  CAA CGG AAA AAG GTT AGA AAA CAC TTT CGC  
 

P80 pB33_w. virosa_efp_V49R_R  GTT ACT GAT TTT AAT TTT GTA CG  
 

P81 pB33_w. virosa_efp_E62K_F  TAA AAT CGA TAA AGT GCG TGT AGA AAC C  
 

P82 pB33_w. virosa_efp_E62K_R  TGA CCC GCT GCG AAA GTG  
 

P83 pNPTS_ov_w. virosa_efp_gib_F  TAT TAA AGA GGA GGA CAG CTA TGG CAA CAA CTT 
CAG ATA T 

 
 

P84 pNPTS_ov_w. virosa_efp_gib_R  ACT TCA CGC GAG AGA CGT ATT TAT TCT TTC ACG 
CGT TCT A 

 
 

P85 pNPTS_ov_vec_w. virosa_efp_gib_F  TAG AAC GCG TGA AAG AAT AAA TAC GTC TCT CGC 
GTG AAG T 

 
 

P86 pNPTS_ov_vec_w. virosa_efp_gib_R  ATA TCT GAA GTT GTT GCC ATA GCT GTC CTC CTC 
TTT AAT A 

 
 

P87 pNPTS_ov_w. virosa_efp_6xhis_gib_F  ACG CGT GAA AGA AAG ATC TCA TCA CCA TCA 
CCA TCA CTA AAT ACG TCT CTC GCG TGA AGT A 

 
 

P88 pNPTS_ov_w. virosa_efp_6xhis_gib_R  TAC TTC ACG CGA GAG ACG TAT TTA GTG ATG 
GTG ATG GTG ATG AGA TCT TTC TTT CAC GCG T 

 
 

 check primers       

  primer name  5´-3´ sequence  restriction site 

P89 check_r. vannielii_efp_im chrom_F  AGA TCG CCC GTC GCC GGA TTG TAA ATG AGG 
CCC GCC ACG AG 

 
 

P90 check_r. vannielii_efp_im chrom_R  GAA CCT TGT GCG CCC GAA GCC ATC CCG GTG 
CTC GGC CGC GA 

 
 

P91 check_epmA_125_F  AGT CTG AAA TTT GAC GAG ATC GAT T  
 



Decrypting the functional design of unmodified translation elongation factor P 

52 

 

P92 check_epmA_125_R  AGC GCG TGT ATA ACA CGT GCC CAC T  
 

P93 check_pBAD33_F  GGC GTC ACA CTT TGC TAT GC  
 

P94 check_pBAD33_R  CAGTTCCCTACTCTCGCATG  
 

P95 check_pET_T7 prom_F  CCT ATA GTG AGT CGT ATT A  
 

P96 check_pET_T7 term_R  TAT GCT AGT TAT TGC TCA G  
 

P97 check_pNPTS_F  GAC CAT GAT TAC GCC AAG CTA CGT  
 

P98 check_pNPTS_R  TGT GCT GCA AGG CGA TTA AGT TGG  
 

 

 

 

 

 

 

Strain List 

general      

strain description/ features  reference 

BL21 (DE) F− ompT gal dcm lon hsdSB(rB
− mB

−) λ(DE3)  [4] 

BW25113 Δ(araD-araB)567, ΔlacZ4787(::rrnB-3), λ-, rph-1, Δ(rhaD-rhaB)568, hsdR514   [5] 

DH5³ λpir endA1 hsdR17 glnV44 (= supE44) thi-1 recA1 gyrA96 relA1 
φ80’lacΔ(lacZ)M15 Δ(lacZYA-argF)U169 zdg−232::Tn10 uidA::pir +  

 [6] 

WM3064 thrB1004 pro thi rpsL hsdS lacZΔM15 RP4-1360 Δ(araBAD)567 
ΔdapA1341::[erm pir] 

 [7] 

E. coli EF-P modification      

strain description/ features  reference 

Δefp (JW4107) deletion of efp in BW25113  [8] 

ΔepmA deletion of epmA in BW25113  This study 

Δefp ΔepmA deletion of efp and epmA in BW25113  [9] 

efp_his native efp C-terminally fused to 6xhis in BW25113  This study 

efp_his ΔepmA native efp C-terminally fused to 6xhis; deletion of epmA in BW25113  This study 

R. vannielii efp      

strain description/ features  reference 

Δefp::R. v. efp replacement of native efp with Rhodomicrobium vannielii efp in BW25113  This study 

Δefp::R. v. efp ΔepmA replacement of native efp with Rhodomicrobium vannielii efp;  
deletion of epmA in BW25113 

 This study 

Δefp::R. v. efp_his replacement of native efp with Rhodomicrobium vannielii efp  
(C-terminally fused to 6xhis) in BW25113 

 This study 

Δefp::R. v. efp_his ΔepmA replacement of native efp with Rhodomicrobium vannielii efp 
(C-terminally fused to 6xhis); deletion of epmA in BW25113 

 This study 

W. virosa efp      

strain description/ features  reference 

Δefp::W. v. efp_his replacement of native efp with Weeksella virosa efp in BW25113  This study 

Δefp::W. v. efp_his_ΔepmA replacement of native efp with Weeksella virosa efp;  
deletion of epmA in BW25113 

 This study 

Δefp::W. v. efp_S1-S3 replacement of native efp with Weeksella virosa efp containing substitutions 
S1, S2 and S3 (P34Q, V49R and E62K) in BW25113 

 This study 

Δefp::W. v. efp_S1-S3 ΔepmA replacement of native efp with Weeksella virosa efp containing substitutions 
S1, S2 and S3 (P34Q, V49R and E62K); deletion of epmA in BW25113 

 This study 
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Δefp::W. v. efp_S1-S3_his replacement of native efp with Weeksella virosa efp containing substitutions 
S1, S2 and S3 (P34Q, V49R and E62K), C-terminally fused to 6xhis in 
BW25113 

 This study 

Δefp::W. v. efp_S1-S3_his 
ΔepmA 

replacement of native efp with Weeksella virosa efp containing substitutions 
S1, S2 and S3 (P34Q, V49R and E62K), C-terminally fused to 6xhis; deletion 
of epmA in BW25113 

 This study 

Reporter for EF-P activity measurements 

strain description/ features  reference 

MG1655 PcadBA::lacZ ΔcadB 
Δefp  

deletion of cadB and cadA by substitution with lacZ; deletion of efp in MG1655  [10] 

MG1655 PcadBA::lacZ cadBA 
Δefp ΔepmA 

deletion of cadB and cadA by substitution with lacZ; deletion of efp and epmA 
in MG1655 

 [10] 

 

 

 

Genomic DNA List 

strain description  source 

DSM 11375 genomic DNA isolated from Campylobacter lari  
(DSM No.: 11375), type strain 

 Leibniz Institute DSMZ-German Collection  
of Microorganisms and Cell Cultures 
GmbH 

DSM 14237 genomic DNA isolated from Cellulophaga algicola 
(DSM No.: 14237), type strain 

 Leibniz Institute DSMZ-German Collection  
of Microorganisms and Cell Cultures 
GmbH 

DSM 14684  genomic DNA isolated from Conexibacter woesei  
(DSM No.: 14684), type strain 

 Leibniz Institute DSMZ-German Collection  
of Microorganisms and Cell Cultures 
GmbH 

DSM 16922 genomic DNA isolated from Weeksella virosa  
(DSM No.: 16922), type strain 

 Leibniz Institute DSMZ-German Collection  
of Microorganisms and Cell Cultures 
GmbH 

DSM 20709 genomic DNA isolated from Porphyromonas gingivalis 
(DSM No.: 20709), type strain 

 Leibniz Institute DSMZ-German Collection  
of Microorganisms and Cell Cultures 
GmbH 

DSM 21671 genomic DNA isolated from Campylobacter hominis 
(DSM No.: 21671), type strain 

 Leibniz Institute DSMZ-German Collection  
of Microorganisms and Cell Cultures 
GmbH 

DSM 162  genomic DNA isolated from Rhodomicrobium vannielii 
(DSM No.: 162), type strain 

 Leibniz Institute DSMZ-German Collection  
of Microorganisms and Cell Cultures 
GmbH 

DSM 23294 genomic DNA isolated from Rhodomicrobium vannielii 
(DSM No.: 23294) 

 Leibniz Institute DSMZ-German Collection  
of Microorganisms and Cell Cultures 
GmbH 

DSM 23295 genomic DNA isolated from Rhodomicrobium vannielii 
(DSM No.: 23295) 

 Leibniz Institute DSMZ-German Collection  
of Microorganisms and Cell Cultures 
GmbH 

DSM 23296 genomic DNA isolated from Rhodomicrobium vannielii 
(DSM No.: 23296) 

 Leibniz Institute DSMZ-German Collection  
of Microorganisms and Cell Cultures 
GmbH 
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ABSTRACT: Protein synthesis is influenced by the chemical and
structural properties of the amino acids incorporated into the
polypeptide chain. Motifs containing consecutive prolines can slow
the translation speed and cause ribosome stalling. Translation
elongation factor P (EF-P) facilitates peptide bond formation in
these motifs, thereby alleviating stalled ribosomes and restoring the
regular translational speed. Ribosome pausing at various polypro-
line motifs has been intensively studied using a range of
sophisticated techniques, including ribosome profiling, proteomics,
and in vivo screening, with reporters incorporated into the
chromosome. However, the full spectrum of motifs that cause
translational pausing in Escherichia coli has not yet been identified.
Here, we describe a plasmid-based dual reporter for rapid
assessment of pausing motifs. This reporter contains two coupled genes encoding mScarlet-I and chloramphenicol acetyltransferase
to screen motif libraries based on both bacterial fluorescence and survival. In combination with a diprolyl motif library, we used this
reporter to reveal motifs of di'erent pausing strengths in an E. coli strain lacking efp. Subsequently, we used the reporter for a high-
throughput screen of four motif libraries, with and without prolines at di'erent positions, sorted by fluorescence-associated cell
sorting (FACS) and identify new motifs that influence the translational e+ciency of the fluorophore. Our study provides an in vivo
platform for rapid screening of amino acid motifs that a'ect translational e+ciencies.

KEYWORDS: stalling motifs, ribosome stalling, screening for ribosome pausing strength, translational e�ciency, dual reporter,
proteins with polyproline motifs, elongation factor P

¥ INTRODUCTION

The regulation of protein synthesis is critical for the
maintenance of physiological balance and the survival of
organisms. A number of factors can modulate translational
e+ciency, including charge-specific interactions between the
ribosome peptide exit tunnel and the nascent chain,123 mRNA
secondary structures,427 tRNA abundance and modifica-
tion,8210 and codon selection.11,12 It has been widely
demonstrated that certain combinations of amino acids, in
particular stretches of polyprolines, have the ability to
negatively impact translational e+ciency and, in certain
instances, cause the ribosome to stall.13216 The profound
negative e'ect of proline on the translation rate can be
attributed to its unique structural nature, which includes a
pyrrolidine ring that renders it conformationally rigid. This
ultimately results in proline being a poor donor and poor
acceptor during the transpeptidation reaction.17220 Despite the
fact that proline is a challenging factor during translation,
diprolyl motifs (XPPX) are very common in bacterial
proteomes. In Escherichia coli, there are 2184 of these motifs
(0.51 motif/protein), in Salmonella enterica 2324 motifs (0.51
motif/protein), in Pseudomonas aeruginosa 4074 motifs (0.73

motif/protein), and Streptomyces coelicolor even contains 8719
motifs (1.08 motif/protein).21,22 The prevalence of these
motifs is not limited to bacterial proteomesÿthey are also
common among the proteomes of eukaryotes.23 The ubiquity
of these motifs in the proteomes of organisms underlines their
functional and regulatory importance to shape protein
structure,24,25 adjust copy number,21 and incorporate trans-
membrane proteins.26

The biosynthesis of proteins containing polyproline motifs is
mediated by distinct translation factors that have evolved in
organisms from all domains of life. While eukaryotes and
archaea encode initiation factor 5A (e/aIF5A),27 bacteria have
evolved elongation factor P (EF-P), which reduces ribosomal
stalling by assisting during the translation of polyproline
motifs.14,15 The EF-Ps of numerous bacterial species are

Received: August 6, 2024
Revised: October 5, 2024
Accepted: October 9, 2024
Published: October 19, 2024

Research Articlepubs.acs.org/synthbio

© 2024 American Chemical Society
3698

https://doi.org/10.1021/acssynbio.4c00534
ACS Synth. Biol. 2024, 13, 369823710

D
o
w

n
lo

ad
ed

 v
ia

 L
M

U
 M

U
E

N
C

H
E

N
 o

n
 D

ec
em

b
er

 7
, 
2
0
2
4
 a

t 
1
6
:3

0
:2

4
 (

U
T

C
).

S
ee

 h
tt

p
s:

//
p
u
b
s.

ac
s.

o
rg

/s
h
ar

in
g
g
u
id

el
in

es
 f

o
r 

o
p
ti

o
n
s 

o
n
 h

o
w

 t
o
 l

eg
it

im
at

el
y
 s

h
ar

e 
p
u
b
li

sh
ed

 a
rt

ic
le

s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Urte+Tomasiunaite"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tess+Brewer"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Korinna+Burdack"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sophie+Brameyer"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kirsten+Jung"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acssynbio.4c00534&ref=pdf
https://pubs.acs.org/doi/10.1021/acssynbio.4c00534?ref=pdf
https://pubs.acs.org/doi/10.1021/acssynbio.4c00534?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acssynbio.4c00534?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acssynbio.4c00534?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acssynbio.4c00534?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/asbcd6/13/11?ref=pdf
https://pubs.acs.org/toc/asbcd6/13/11?ref=pdf
https://pubs.acs.org/toc/asbcd6/13/11?ref=pdf
https://pubs.acs.org/toc/asbcd6/13/11?ref=pdf
pubs.acs.org/synthbio?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acssynbio.4c00534?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/synthbio?ref=pdf
https://pubs.acs.org/synthbio?ref=pdf


Figure 1. Development of a dual-reporter system to screen for ribosome pausing motifs. (A) Schematic of known ribosome pausing strengths at
motifs RPAP (Arg-Pro-Ala-Pro), TPPP (Thr-Pro-Pro-Pro), and RPPP (Arg-Pro-Pro-Pro) alleviated by elongation factor P.14,38,41 (B) Construction
of a dual reporter for translational e+ciency measurements. The reporter consists of a gene coding for fluorophore (mScarlet-I) and a resistance
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dependent on unique post-translational modifications (PTM),
which are necessary to improve their activity.28235 In contrast,
certain EF-Ps, particularly from the subfamily with the
activation loop PGKGP (Pro-Gly-Lys-Gly-Pro), exhibit full
functionality in the absence of PTMs, although with reduced
levels of activity in E. coli.22,36 Intriguingly, our recent findings
even demonstrate that some unmodified EF-Ps, which are
barely active in E. coli, can be engineered to be functional in E.
coli.36 This suggests that full EF-P functionality is not
exclusively dependent on PTM, as previously assumed.
Notably, we observed variations in the e+cacy of distinct
polyproline motif rescue among modified and unmodified EF-
Ps, suggesting that the underlying general mechanisms of
protein synthesis are not yet fully understood and require
further investigation.

A number of studies have employed a range of techniques,
including ribosome profiling, mass spectrometry, and in vitro
and in vivo reporter systems, to identify motifs associated with
di'erent degrees of ribosome pausing.14,16,37241 The majority
of these studies focus on motifs that contain at least two
prolines, as EF-P is well known to support their synthesis
during the transpeptidation reaction.16,38 The literature on this
topic is limited with regards to motifs that contain a single
proline or even no proline, whose rescue is dependent on a
functional EF-P.37,42 The existing knowledge gaps highlight the
need for simple, accessible tools that can be utilized by every
laboratory at a low cost with a minimal input of materials to
investigate translational dynamics.

In this study, we present a user-friendly, plasmid-based
reporter system for investigating translational e+ciencies of
amino acid motifs. Translational coupling43 of the genes
encoding the fluorophore mScarlet-I and chloramphenicol
acetyltransferase enhances screening capacity and allows dual
output measurements of cell fluorescence and viability. High-
throughput screening demonstrates that this system e'ectively
identifies unusual sequence motifs, particularly those lacking
proline, which cause reduced translation rates.

¥ RESULTS

Plasmid-Based In Vivo Dual-Reporter System Enables
Ribosome Pausing Measurements in a �efp Mutant. To
facilitate the rapid evaluation of which amino acid motifs can
influence translational e+ciency, we established a plasmid-

based reporter system. Motifs that are known to cause various
levels of ribosome pausing were chosen for initial experiments:
RPAP (Arg-Pro-Ala-Pro) represented no pausing strength,
TPPP (Thr-Pro-Pro-Pro) represented middle pausing strength,
and RPPP (Arg-Pro-Pro-Pro) represented strong pausing
strength14,38,41 (Figure 1A). To identify di'erences in
translational e+ciency resulting from distinct sequence motifs,
an E. coli BW25113 mutant lacking elongation factor P (�efp)
was transformed with these reporter plasmids. The initial
reporter design consisted of an antibiotic resistance cassette
(chloramphenicol acetyltransferase, cat) with motifs integrated at
the N-terminus (Figure S1A, left panel). This approach
allowed estimation of the translational e+ciencies of cat
influenced by the motif sequence based on bacterial survival in
the presence of chloramphenicol. A 24 h incubation in media
containing serial dilutions of chloramphenicol demonstrated
di'erences in bacterial survival only between clones carrying
the reporters RPAP_cat and RPPP_cat, particularly at
chloramphenicol concentrations 3.4 ¿g/mL, 3.8 ¿g/mL, and
4.3 ¿g/mL (Figure S1B,C). However, no significant di'erences
between the clones carrying the reporters RPAP_cat and
TPPP_cat could be detected at any of the chloramphenicol
concentrations tested (Figure S1C).

We hypothesized that reducing cat expression would
enhance the screening sensitivity by making the translational
e+ciency of RPAP and TPPP motifs more distinguishable. As
previously described,43,44 weak translational coupling of a
fluorophore gene upstream of a resistance gene cassette can
support attenuation of antibiotic resistance and enable fine-
tuning of screenings. The translational coupling sequence has
been reported to form mRNA secondary structures that a'ect
downstream gene translation.43 As the ribosome reaches the
termination codon of the first gene, it disrupts these structures,
facilitating translation of the second gene. Key factors,
including the properties of the Shine2Dalgarno sequence
and the choice of the start codon, determine the e+ciency of
downstream translation.43 Accordingly, we constructed a dual-
reporter plasmid encoding for super folded green fluorescent
protein (sfGFP) and CAT with a weak translational coupling
device43 connecting the genes (Figure S1A, middle and right
panels). We selected the weak coupling 1 device43 because it
minimizes the use of antibiotics during selection43 and has
been shown to be e'ective in previous studies.44 Of all

Figure 1. continued

gene cassette (chloramphenicol acetyltransferase, cat), both linked by a weak translational coupling device.43 Nucleotides encoding the RPAP, TPPP,
and RPPP motifs were incorporated into the fluorophore gene sequence starting from the 16th nucleotide position (16th). (C, D) 96-well assay
plate of the growth measurements (C) and growth quantification (D) of E. coli BW25113 �efp, transformed with the dual-reporter plasmid
pBAD24_motif_mscarlet-I_cat. When indicated, the medium was supplemented with 0.2% (w/v) arabinose (Ara). (E) Fluorescence measurements
of the 96-well assay plate 24 h (upper panel) or 48 h (bottom panel) after bacteria inoculation. E. coli BW25113 �efp was transformed with the
dual-reporter plasmid pBAD24_motif_mscarlet-I_cat. (F) Relative fluorescence (RF) measurements over time of E. coli BW25113 �efp with dual-
reporter plasmid pBAD24_motif_mscarlet-I_cat. The M9 medium was supplemented with di'erent concentrations of chloramphenicol (CHL).
mScarlet-I fluorescence signal, given in arbitrary units (AU), was normalized to the measured optical density (OD600) and shown as RF. (G)
Colony morphology and fluorescence analysis of E. coli BW25113 �efp with dual-reporter plasmid pBAD24_motif_mscarlet-I_cat. Bacteria were
plated on LB agar assay plates supplemented with 0.2% (w/v) Ara and 3.4 ¿g/mL CHL. (H) EF-P complementation assay. Fluorescence
measurements of the 96-well assay plate 30 h after bacteria inoculation. E. coli BW25113 �efp was transformed with the dual-reporter plasmid
pBAD24_motif_mscarlet-I_cat (left panel) or with the dual-reporter plasmid pBAD24_motif_mscarlet-I_cat and pBAD_E. coli efp_epmA_epmB
(right panel). Error bars indicate the standard deviation (SD) of three independent biological replicates. Statistics: student’s unpaired two-sided t
test (****p < 0,0001; ***p < 0.001; **p < 0.01; *p < 0.05; ns p > 0.05). 1.7 ¿g/mL CHL and 0.2% (w/v) Ara (RPAP vs TPPP: ns p = 0.178 [D];
RPAP vs RPPP: *p = 0.016 [D]); 2.3 ¿g/mL CHL and 0.2% (w/v) Ara (RPAP vs TPPP: ns p = 0.055 [D]; RPAP vs RPPP: *p = 0.013 [D]); 3.4
¿g/mL CHL and 0.2% (w/v) Ara (RPAP vs TPPP: *p = 0.015 [D]; RPAP vs RPPP: **p = 0.008 [D]); 3.8 ¿g/mL CHL and 0.2% (w/v) Ara
(RPAP vs TPPP: **p = 0.009 [D]; RPAP vs RPPP: **p = 0.003 [D]); 4.3 ¿g/mL CHL and 0.2% (w/v) Ara (RPAP vs TPPP: *p = 0.038 [D];
RPAP vs RPPP: *p = 0.012 [D]). C12C4 is the clone number.
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antibiotic resistance markers described and analyzed by
Renning et al. in their dual-reporter system,43 we retained
cat as part of our reporter system, as chloramphenicol
resistance emerged as the most promising option based on
our preliminary tests (data not shown). Motifs were
incorporated into the gene encoding the fluorophore (Figure
S1A, middle and right panels). End point optical density
quantification revealed that chloramphenicol influenced the

survival of all clones tested with the dual-reporter

motif_sfgfp_cat, regardless of the specific motif present (Figure

S1D). Significant di'erences between all clones in media

supplemented with 3.4 or 3.8 ¿g/mL chloramphenicol were

only detectable when motifs were at the 16th nucleotide

position of the fluorophore sequence (Figure S1E). This

observation confirms the essentiality of the first 15 nucleotides,

Figure 2. XPPX library screening on agar assay plates distinguish di'erent pausing strengths. (A) Graphical workflow to generate the XPPX (X-
Pro-Pro-X) library (X represents all possible amino acids; N, all possible nucleotides). (B) Colony morphology and fluorescence analysis ofE. coli
BW25113 �efp, transformed with dual-reporter plasmid pBAD24_XPPX_mscarlet-I_cat encoding the XPPX library. The images in the rectangles
are enlarged under the agar plate. (C) Summary of the sequencing results of 60 clones that were picked according to their fluorescence intensity
and viability. Motifs identified in pink colonies with high fluorescence intensities and large colony diameters were classified as those causing no
pausing strength. Motifs observed in light pink colonies with intermediate fluorescence intensities and intermediate colony diameter were
categorized as those causing middle pausing strength. Motifs identified in white-yellow colonies with low fluorescence intensities and small colony
diameters were grouped as those causing strong pausing strength. The numbers indicate the count of plasmids found, which contain the indicated
motif. aaÿamino acid.
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which are critical for the initial synthesis of the nascent peptide
chain.45

To increase visibility on agar plates, we replaced sfgfp with
mscarlet-I, since the fluorophore mScarlet-I changes the colony
color on agar plates to bright pink, as shown in earlier studies46

(Figure 1B and Figure S2). End point quantification of optical
densities demonstrated that all �efp cells containing reporters
encoding RPAP, TPPP, and RPPP motifs exhibited di'erences
in survival at 3.4, 3.8, and 4.3 ¿g/mL chloramphenicol
concentrations (Figure 1C,D). In particular, cells carrying
reporter RPPP_mscarlett-I_cat struggled to survive at chlor-
amphenicol concentrations of 3.4 ¿g/mL or higher (Figure
1C,D). These findings imply that the translational e+ciency of
di'erent motifs can be measured with the dual-reporter system
based on bacterial survival. Fluorescence intensity measure-
ments after 24 h (Figure 1E, upper panel) were in line with the
observations from the bacterial survival assay (Figure 1C,D).
We also extended the incubation period to 48 h to ensure an
equal optical density of bacterial culture in all wells, thereby
demonstrating that the low fluorescence intensities observed
with the RPPP_mscarlett-I_cat (Figure 1E, upper panel)
reporter were not caused by di'erential cell abundance (Figure
1E, bottom panel).

We monitored relative fluorescence intensities for 35 h in
M9 minimal medium to investigate translational e+ciencies
over time (Figure 1F). The �efp strain with the reporter
RPAP_mscarlett-I_cat exhibited the greatest relative fluores-
cence (RF) intensities, reaching a range of 2002300 RF
between 25 and 35 h (Figure 1F). The initial 10 h of
monitoring revealed the impact of the supplemented
chloramphenicol concentrations on the relative fluorescence
(Figure 1F). The �ef p strain containing the reporter
TPPP_mscarlett-I_cat exhibited intermediate fluorescence
intensities, reaching a range of 802110 RFU between 25 and
35 h (Figure 1F). Here, the impact of the supplemented
chloramphenicol concentrations on the relative fluorescence
curves was detected at the time interval of 4214 h (Figure 1F).
The low relative fluorescence intensities observed with strains
containing the reporter plasmid RPPP_mscarlett-I_cat were
consistent with the end point fluorescence intensity measure-
ments in Figure 1E. Regardless of the motif present,
fluorescence was consistently low in the absence of arabinose
and chloramphenicol, indicating low levels of leaky expression
(Figure 1F).

To assess the reporter’s suitability for plate-based screens,
we examined the growth of the �efp strain carrying reporters
with RPAP, TPPP, or RPPP motifs on LB agar plates (Figure
1G). Preliminary analysis showed that LB agar plates with 3.4
¿g/mL chloramphenicol exhibited the most significant di'er-
ences in colony morphology and fluorescence between cells
containing reporters with either the RPAP or RPPP motifs
(Figure S3A2C).

After a 120 h incubation period at room temperature, the
colonies of �efp with RPAP_mscarlett-I_cat exhibited pink
color and the largest colony diameter (Figure 1G). In contrast,
�efp colonies expressing RPPP_mscarlett-I_cat exhibited a
yellow-white color and smaller colony diameters. In line with
our measurements, �efp with TPPP_mscarlett-I_cat exhibited
a light pink color and an intermediate colony diameter (Figure
1G). When EF-P and its modification machinery were
overproduced in the �efp strain, translation of the fluorophore
was rescued for all of the motifs (Figure 1H). This finding
suggests that the observed reduction in fluorescence in the

RPPP and TPPP reporters in �efp can be attributed to
ribosome pausing events caused by the motifs in the absence of
EF-P.

Taken together, our results demonstrate that the strength of
ribosome pausing at amino acid motifs can be e'ectively
measured using a dual-reporter system. Overall, these data
show that mScarlet-I is an appropriate choice for the dual-
reporter system, enabling sensitive colony color-contrast- and
fluorescence-based screenings on plates to assess ribosome
pausing strengths at specific motifs.

Screening of Libraries with Diprolyl Motifs Demon-
strates Variation in Translational E3ciencies. We used
plate-based screening of a diprolyl library (XPPX, X-Pro-Pro-
X) in �efp to assess the e+cacy of our dual reporter for large-
scale translational e+ciency measurements. We used a three-
step protocol to generate the XPPX library, as illustrated in
detail in Figure 2A. First, the dual-reporter plasmid was
amplified by using primers with complementary overhangs.
The forward primer was designed to be degenerate,
incorporating all possible nucleotide (N) combinations before
and after the two CCG codons coding for prolines (NNN-
CCG-CCG-NNN) in the motif (Figure 2A). This strategy
enables the incorporation of any amino acid in the positions
upstream and downstream of the two prolines in the motif
XPPX. Second, the E. coli MC1061 strain was transformed
with the linearized XPPX library plasmids, allowing the library
to circularize.43,44,47 Third, the circularized XPPX library was
isolated, and the �efp mutant was transformed with the library
(Figure 2A). The bacterial library populations exhibited
diverse colony morphologies after plating on the assay plates
(Figure 2B). Qualitatively, we found that the colonies with the
largest diameter had a deep pink color, while the smaller
colonies tended to be lighter pink or white-yellow (Figure 2B).
The fluorescence analysis confirmed our previous observation
that increasing levels of pink pigment resulted in a higher
fluorescence (Figures 1G and 2B). These observations confirm
that the amino acids which surround the two prolines in a
diprolyl motif determine its translational e+ciency, in line with
published studies.16,21,39

As a first pass, we manually screened 60 clones by grouping
them into three categories based on colony color (pink, light
pink, and white-yellow colonies) and determined their motifs
by Sanger sequencing (Figure 2C). We found some motifs
overlapped in adjacent categories (for example, between pink
and light pink colonies) but found no overlaps between the
pink and white-yellow color categories. Overlapping motifs
were recategorized into the category associated with weaker
e'ects on translational e+ciency. Altogether, we identified 26
sequences that had a marginal impact on the translational
e+ciency of the fluorophore (colonies with pink color), 22
sequences that caused moderate decreases in translational
e+ciency (colonies with light pink color), and 12 sequences
that caused a strong decrease in translational e+ciency
(colonies with white-yellow color) (Figure 2C). Interestingly,
motifs encoding FPPX were found across all categories of
translational e+ciency (X indicates any amino acid). When
encoded in the FPPX motif, phenylalanine, isoleucine, valine,
and tyrosine (FPPF, FPPI, FPPV, and FPPY) had a marginal
influence on translational e+ciency of the fluorophore.
Cysteine, glycine, and arginine (FPPC, FPPG, and FPPR)
caused a moderate decrease in translational e+ciency, and
proline (FPPP) had the strongest e'ect. These results indicate
that the amino acid downstream of the two prolines in a
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Figure 3. High-throughput screening of four motif libraries (XPXX, XXPX, XPPX, and XXXX). (A) Gating strategy of living cells was assessed by
flow cytometry. Living cells (P2) were sorted from the recorded bu'er events (P3) and dead cells (P1), considering the forward scatter area (FCS-
A) and side scatter area (SSC-A). (B) Summary of the motifs found in at least three out of four libraries (X-X-X-X; X-Pro-X-X; X-X-Pro-X; X-Pro-
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diprolyl motif critically determines translational e+ciency,
consistent with previous findings.21

Together, these results demonstrate that our dual reporter
can di'erentiate the pausing strength of the diprolyl motifs in a
�efp strain. We show that the strength of ribosome pausing
can be assessed on agar plates supplemented with chlor-
amphenicol by analyzing the viability and the fluorescence of
the colonies.

High-Throughput Screening Uncovers New Motifs
That Reduce the Translational E3ciencies. To assess the
reporter’s capability for high-throughput translational e+ciency
measurements, we expanded our investigations using flow
cytometry. To enhance the diversity of motifs that we could
analyze, we designed additional libraries with either a fixed
CCG codon coding for a single proline (XPXX, NNN-CCG-
NNN-NNN; XXPX, NNN-NNN-CCG-NNN) or completely
randomized codons (XXXX, NNN-NNN-NNN-NNN). We
sorted cells containing these plasmid libraries (about one
million cells per library) with fluorescence-associated cell
sorting (FACS) and analyzed the sorted cells with Illumina
high-throughput sequencing. In a preanalysis, samples were
treated with high temperatures (15 min at 95 °C, Figure 3A)
to distinguish viable cells (P2) from nonviable cells (P1) with
flow cytometry. As a first pass at identifying sequences that
influence translational e+ciencies, we calculated the log fold
enrichment of particular motifs in the no/low fluorescence
FACS bin versus the high fluorescence bin across multiple
independent libraries (Figure 3B). We found that while
generally the same motifs had similar values across di'erent
libraries, there was some variation (e.g., while RPPG was
depleted in the no/low fluorescence bin in the XXXX, XPXX,
and XXPX libraries, it was slightly enriched in the XPPX
library, Figure 3B). Furthermore, we also detected variation in
mScarlet-I expression by microscopy among cells carrying the
same reporter plasmid (Figure S4A2C). Thus, the appearance
of motifs in both FACS bins could reflect heterogeneity in
plasmid-based fluorophore expression, a phenomenon also
reported in earlier studies48,49 (Figure S4D). Ultimately,
analyzing the relationship between both bins provides the
most precise measurement of translational e+ciency. To
validate our results, we compared the top 20 motifs with the
lowest and the highest translational e+ciencies with predicted
ribosome pausing strengths associated with distinct motifs
from earlier studies21 (Figure 3B). We found good agreement
between predicted pausing strengths and our results, indicating
that our system is generally suitable for assessing translational
e+ciencies, despite variability in plasmid copy numbers within
the bacterial population (Figure S4D). Furthermore, while our
analysis primarily focused on translational e+ciency at the
amino acid level, it is likely that regulatory mechanisms at the

codon level also play a role, as described in previous
literature.41 For example, several unique codon combinations
were present for the amino acid motif RPPP in one of our
libraries (Figure S5). Di'erences in translational e+ciency of
di'erent codon combinations that code for the same amino
acid motif could also cause broad distributions of certain
motifs across two distinct bins (Figure 3B).

A number of studies have reported on ribosomal pausing,
which occurs at motifs containing consecutive prolines that can
be rescued by EF-P.14216,21,41 So far, only few studies report
about motifs containing no prolines, which depend on EF-P for
e+cient translation.37,42 Consequently, we wanted to see
whether we could detect any nonproline motifs within the
XXXX library that reduced the translational e+ciency of the
fluorophore. We extracted the top 50 sequences with the
largest di'erence in sequence counts between FACS bins and
found four groups of motifs: those containing at least two
prolines (PP), those containing one proline (P), those
containing no proline (no P), and those containing a stop
codon (Figure 3C). In accordance with our expectations,
motifs containing a stop codon were highly abundant in the
no/low fluorescence FACS bin (Figure 3C). In our system,
stop codons cause the rapid termination of fluorophore
translation, leading to the production of a nonfunctional
protein lacking fluorescence. We found that certain motifs
within the PP section appeared in both FACS bins but with
di'ering abundances, which may be due to the heterogeneity
phenomenon (Figure S4D) and/or codon e'ects (Figure S5).
However, the majority of motifs in the PP section appeared in
the no/low fluorescence FACS bins, consistent with previous
studies indicating that the presence of at least two prolines
hinders translation.16,21

Interestingly, our experimental system identified two motifs
containing a single proline (GPAA, GPWR) that decreased the
e+ciency of fluorophore translation. Additionally, three motifs
without a proline (AAGG, GRGG, WLWS) were identified
(Figure 3C). To verify these results, we transformed the �efp
and wild-type strain with newly generated dual-reporter
plasmids containing the motifs AAGG, GRGG, or WLWS
and spotted cells on agar assay plates. We found that these
motifs negatively impact the translational e+ciency in the �efp
mutant (Figure 3D), which is consistent with the observations
shown in Figure 3C. The spot assay confirmed that the AAGG
and WLWS motifs cause an intermediate reduction in the
translational e+ciency of the fluorophore, while the GRGG
motif causes a strong reduction in translation e+ciency in the
�efp mutant (Figure 3D). When EF-P and its modification
machinery were present (wt), translation of the fluorophore
could be rescued for control motifs TPPP and RPPP (Figure
3D). However, no rescue of fluorophore translation could be

Figure 3. continued

Pro-X) with the top ten highest and top ten lowest log fold enrichment. Libraries were expressed inE. coli BW25113 �efp. The log fold enrichment
was calculated as the natural logarithm of the sequence count found in the no/low fluorescence FACS bin divided by the sequence count found in
the high fluorescence FACS bin. Small circlesÿvalues in each library, big circlesÿmean values, linesÿstandard error of the mean (SEM). Big
circles were colored according to the calculated log fold enrichment value: <0, in pink; >0, in white. Pausing strength predictions were taken from
Qi et al., 2018.21 (C) The 50 most frequent amino acid motifs found in the XXXX motif library with the largest count di'erences between no/low
fluorescence and high fluorescence FACS bins. The motifs were divided into categories of motifs containing at least two prolines (PP), one proline
(P), no proline (no P), and a stop codon (stop codon, *). X represents all possible amino acids. (D) Translational e+ciency measurements in �efp
and wild-type (wt) cells carrying dual-reporter plasmids with various motifs, analyzed using a spot assay. Motifs analyzed: RPAP (Arg-Pro-Ala-Pro),
TPPP (Thr-Pro-Pro-Pro), RPPP (Arg-Pro-Pro-Pro), AAGG (Ala-Ala-Gly-Gly), WLWS (Trp-Leu-Trp-Ser), and GRGG (Gly-Arg-Gly-Gly). The
right panel shows the fluorescence analysis of the spot assay plate.
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detected for the motifs AAGG, GRGG, and WLWS (Figure
3D), suggesting that additional factors influence the translation
e+ciency at these motifs.

Overall, we find that translational regulation appears to be
more complex than previously thought. Consequently, our
system o'ers a suitable platform to gain more insights into this
phenomenon in any laboratory.

¥ DISCUSSION

Translational coupling is a naturally occurring event in which
the movement of ribosomes translating upstream genes also
directs the translation of downstream genes. This mechanism
ensures the coordinated and sequential synthesis of proteins
involved in shared biochemical pathways or protein complexes,
thereby ensuring e+cient cellular function and e'ective
resource allocation.50254 Translational coupling has been
used in experimental studies to identify optimal translation
initiation regions (TIRs) and enhance the synthesis of distinct
proteins.43,44,55 In this study, we used translational coupling in
the design of a dual reporter to investigate translational
regulation. This system can be e'ectively adapted for use on
agar assay plates, providing a dual output by selecting for
fluorescence and viability and allowing uncomplicated screen-
ing.

As a component of the dual-reporter system, mScarlet-I
o'ers several advantages in plate-based translational e+ciency
screenings. Translational coupling of mScarlet-I to the
resistance gene cassette (cat) resulted in the attenuation of
cat, which improved reporter sensitivity (Figure 1). The
presence of cat alone allowed only coarse distinctions in
translational e+cienciesÿonly motifs that are known to cause
strong ribosome pausing and motifs that cause no pausing at all
could be distinguished (Figure S1A2C). This suggests that
when present alone in the reporter, CAT “neutralizes”
chloramphenicol so e'ectively that small di'erences in
ribosome pausing become indistinguishable. In contrast, the
incorporation of mScarlet-I into the reporter allowed for finer
discrimination between pausing strengths caused by di'erent
motifs (Figure 1). In addition, the bright fluorescence, good
color contrast with the plate background (Figures 1G and 2B),
and ability to emit light in the visible red spectrum (FPbase
ID: 6VVTK)56,57 make mScarlet-I a perfect component of the
reporter so that measurements could be performed without
additional equipment. Overall, the generation of a dual
reporter composed of a fluorescent gene (mscarlet-I) and a
resistance gene cassette (cat) o'ers the advantage to measure
two independent outputs, fluorescence intensity and cell
viability (Figures 1 and 2). This configuration also provides
tunability, as researchers can adjust antibiotic concentrations,
thereby increasing the stringency of the fluorescence analysis
(Figures 1D, and S1C2E).

Previous studies have demonstrated that in addition to
consecutive prolines, sequences upstream and downstream of
prolines can also influence translational e+ciency in E. coli.16,38

We were able to confirm and reproduce these observations,
particularly in the context of downstream sequences (FPPX) in
�efp (Figure 2). Motifs with no or intermediate influence on
translational e+ciency (FPPF, FPPI, FPPV, and FPPY) and
high influence on translational e+ciency (FPPP) (Figure 2C)
were consistent with previously published proteome and
ribosome profiling data.16,39 However, we do not exclude the
possibility that sequences further away from the motif, as well
as the codon context of the motif, might also influence

translational e+ciency. This should be investigated in future
studies.

Our investigations of motifs within the XXXX libraries,
conducted using flow cytometry and high-throughput screen-
ing, identified new motifs containing one (GPAA, GPWR) or
no prolines (AAGG, GRGG, and WLWS) that a'ect
translational e+ciency (Figure 3C,D). Two of the motifs we
identified were found to contain more than one glycine.
Previous studies have demonstrated that sequences rich in
glycine have the potential to cause ribosome pausing.37,58

mRNA sequences that are similar to the Shine2Dalgarno (SD)
sequence can trigger a SD-aSD (Shine2Dalgarno2anti-Shine2

Dalgarno) interaction, which in turn causes ribosome
pausing.5,59,60 Nevertheless, it is still unclear how glycine
codons a'ect translational pausing,61 as some studies suggest
that internal SD sequences have no/low e'ect on translational
speed.62,63 The present study provides a platform that can
support future research aimed at clarifying the influence of
glycine on translational pausing in di'erent sequence contexts.

In addition to EF-P, the ATP-Binding Cassette family-F
(ABCF) ATPase proteins, like YfmR and Uup, as well as the
RNA binding protein YebC, have recently been shown to be
involved in the translational rescue of polyproline motifs.64267

The reporter described here could easily be adapted to study
the full spectrum of motifs rescued by these systems in any
laboratory. Additionally, while the spectrum of motifs that
cause EF-P-dependent ribosome pausing has been studied
extensively, these experiments have primarily focused on E. coli
and its ³-lysylated post-translationally modified EF-P.16,21,39

Our recent study showed di'erences in motif rescue
preferences between wild-type E. coli and a mutant strain in
which the native EF-P was replaced with an unmodified
PGKGP subfamily EF-P.36 This suggests that there is a subset
of motifs that are preferentially rescued by di'erent EF-P types.
If so, di'erent EF-P types could drive the evolution of bacterial
genomes toward motifs that they preferentially rescue,
particularly in highly expressed proteins where maximizing
the translation rate is essential.21,68 Such motif bias spectra
could be studied with our reporter system.

¥ MATERIALS AND METHODS

Bacterial Growth. All bacterial strains used in this study
were cultivated in lysogenic broth (LB) under agitation at 37
°C. If required, growth media was solidified by the addition of
1.5% (w/v) agar. The following antibiotics were used in this
study: carbenicillin sodium salt (100 ¿g/mL) and chloram-
phenicol (default concentration 34 ¿g/mL; reporter assays:
1.7, 2.3, 3.4, and 3.8 ¿g/mL).

Molecular Cloning. All strains, plasmids, and DNA
oligonucleotides used are listed in Data S1. Kits, enzymes,
and polymerases were used according to the manufacturer’s
instructions. Q5 High-Fidelity DNA Polymerase (New
England BioLab) and OneTaq DNA Polymerase were used
for PCR amplification. DNA oligonucleotides were ordered
from Merck. Amplified genes coding for the fluorophores
(sfgfp and mscarlet-I) and the antibiotic resistance cassette
(chloramphenicol acetyltransferase, CAT) were linked together
with a hairpin loop (weak coupling)43 by overlap PCR. DNA
was isolated and purified with a High-Yield PCR Cleanup and
Gel Extraction Kit (Sued Laborbedarf Gauting). All DNA
restriction digests were carried out using restriction enzymes in
rCutSmart bu'er (New England BioLab). All ligations were
performed with the T4 DNA ligase (New England BioLab) at
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25 °C for 2 h. Plasmids were isolated with the HiYield Plasmid
Mini Kit (Sued Laborbedarf Gauting) and stored at 220 °C.
Plasmids were verified by colony PCR and Sanger sequencing.
All nucleotide sequences were analyzed with CLC Main
Workbench version 8.1.2 (Qiagen).

Growth and Fluorescence Measurements in 96-Well
Plates. To determine the optimal concentration of chlor-
amphenicol for the pausing strength measurements with the
dual reporter, serial dilutions were tested. Plasmids pBAD24_-
motif_sfgfp_cat and pBAD24_motif_mscarlet-I_cat (motif:
RPAP, TPPP, or RPPP) were independently transformed
into E. coli BW25113 �efp and incubated overnight at 37 °C
on LB agar plates supplemented with 100 ¿g/mL carbenicillin
sodium salt. Single colonies were inoculated into fresh LB
supplemented with 100 ¿g/mL carbenicillin sodium salt and
incubated overnight at 37 °C under constant shaking (180
rpm). The overnight cultures were reinoculated into fresh LB
supplemented with 100 ¿g/mL carbenicillin sodium salt and
grown until reaching an absorption of 0.3 at 600 nm (OD600).
Each culture was transferred to a final OD600 of 0.01 into a 96-
well plate containing 0.2% (w/v) arabinose and di'erent
concentrations of chloramphenicol (1.7, 2.3, 3.4, 3.8 ¿g/mL)
with a final volume of 200 ¿L/well. Plates were incubated
overnight at 37 °C with constant shaking (150 rpm). End
point OD600 was determined with Tecan Infinite 200 Pro
(number of flashes: 25). Fluorescence was measured with a GE
Typhoon Trio Imager (laser: green, 532 nm; emission filter:
580 BP 30 Cy3; photomultiplier tube, PMT: 450).

For all time-course fluorescence and growth measurements,
the cells were grown for 20 h in M9 minimal media69

(composition: 33.7 mM Na2HPO4, 22 mM KH2PO4, 8.55 mM
NaCl, 9.35 mM NH4Cl, 1 mM MgSO4, 0.3 mM CaCl2, 1 ¿g
biotin, 1 ¿g thiamin, trace elements, 0.4% [w/v] glucose) prior
to the start of the measurements in the plate reader. Growth
and fluorescence were monitored in 10 min intervals for 35 h
at 37 °C with Tecan Infinite 200 Pro (excitation wavelength:
565 nm; emission wavelength: 594 nm; gain: 50; number of
flashes: 25; shaking between measurements: 180 rpm, orbital).

EF-P complementation assay plates were incubated for 24 to
34 h until fluorescence measurements.

Generation of XPPX, PXXX, XPXX, XXPX, XXXP, and
XXXX Libraries. The forward primers were designed to
contain 6212 degenerated nucleotides that code for all
possible codons. The fixed prolines in the motif were coded
by the CCG codon. Degenerated codons were designed to
appear 15 nucleotides downstream of the start codon of the
fluorophore gene. Libraries were amplified using the
degenerated forward primer and reverse primer with
complementary regions to the forward primers to enable
plasmid circularization afterward (Figure 2A and Figure S6).
The PCR program used for library amplification was as
follows: initial denaturation, 98 °C for 30 s (sec); amplification
(35 cycles), 98 °C for 10 s, followed by 57 °C for 30 s and 72
°C for 180 s; final extension, 72 °C for 120 s. 40 ¿L of the
PCR product was treated with DpnI. Chemically competent E.
coli MC1061 was transformed with the digested and purified
PCR products to enable plasmid circularization by homolo-
gous recombination.43,44,47 The transformants were transferred
to a flask with 15 mL of LB, supplemented with 100 ¿g/mL
carbenicillin sodium salt, and incubated overnight at 37 °C
under constant shaking (180 rpm). The libraries were isolated
with the HiYield Plasmid Mini Kit (Sued Laborbedarf
Gauting).

Screening of Libraries on Assay Plates. The final
libraries were prepared according to the protocol described by
Rennig et al.43 and Shilling et al.,44 with certain modifications.
Chemically competent E. coli BW25113 �efp was transformed
with 500 ng of the library with a 1 h recovery phase in fresh LB
without antibiotics. The transformants were inoculated into 3
mL of fresh LB containing 100 ¿g/mL carbenicillin sodium
salt and incubated overnight at 37 °C under constant shaking
(180 rpm). 30 ¿L of this overnight culture was reinoculated
into 3 mL of fresh LB (containing 100 ¿g/mL carbenicillin
sodium salt) and incubated for another round overnight at 37
°C under constant shaking (180 rpm). A 100 ¿L portion of
this overnight culture was inoculated into fresh 5 mL of LB
supplemented with 100 ¿g/mL carbenicillin sodium salt and
grown until reaching an OD600 of 0.3. 103

2105 cells were
plated on assay agar plates, supplemented with 3.4 ¿g/mL
chloramphenicol and 0.2% (w/v) arabinose. Plates were
incubated for 16 h at 30 °C and kept afterward for >120 h
at 25 °C. Fluorescence was measured with a GE Typhoon Trio
Imager (laser: green, 532 nm; emission filter: 580 BP 30 Cy3;
pmt: 450).

Microscopy. To analyze the e'ect of di'erent motifs on
the production of mScarlet-I, chemically competent E. coli
BW25113 �efp was transformed with the plasmids pBAD24_-
motif_mscarlet-I_cat (motif: RPAP, TPPP or RPPP). Cells
carrying the plasmids were cultivated overnight at 37 °C under
constant shaking (180 rpm) in LB supplemented with 100 ¿g/
mL carbenicillin sodium salt. The overnight cultures were
inoculated into fresh LB supplemented with 100 ¿g/mL
carbenicillin sodium salt and grown at 37 °C under constant
shaking (180 rpm) until reaching an OD600 of 0.15. 0.2% (w/
v) arabinose was then added to the cultures, and incubation
was continued for 24 h. All cells were washed in phosphate-
bu'ered saline (PBS; 93.6 mM NaCl, 2.7 mM KCl, 10 mM
Na2HPO4·2H2O, 2 mM KH2PO4), and 2 ¿L of a culture with
an OD600 of 0.5 was spotted on a 1% (w/v) agarose pad (in
PBS) and covered with a coverslip. Microscopic pictures were
taken using a Leica DMi8 inverted microscope equipped with a
Leica DFC365 FX camera (Wetzlar Germany). An excitation
wavelength of 546 nm and a 605 nm emission filter with a 75
nm bandwidth were used for mScarlet-I fluorescence with an
exposure of 20 ms, gain 1, and 100% intensity. To quantify the
relative fluorescent intensities (RF) of single cells, phase
contrast and fluorescent images were analyzed using the
ImageJ70 plugin MicrobeJ.71 Default settings of MicrobeJ were
used for cell segmentation (fit shape, rod-shaped bacteria)
apart from the following settings: area: 0.1-max ¿m2; length:
1.225 ¿m; width: 0.121 ¿m; curvature 0.020.15 and
angularity 0.020.25 for E. coli cells. In total, 516 cells were
quantified per strain. The background of the agarose pad was
subtracted from each cell per field of view.

Flow Cytometry and FACS. The influence of di'erent
motifs on the translational e+ciency of the fluorophore
mScarlet-I was analyzed by using high-throughput screening
with flow cytometry and fluorescence-associated cell sorting
(FACS). Cells containing the dual-reporter plasmid were
grown in LB supplemented with 100 ¿g/mL carbenicillin
sodium salt and 0.2% (w/v) arabinose for 16 h at 37 °C under
constant shaking (180 rpm). The overnight incubation was
necessary to provide enough time for mScarlet-I to mature
before FACS analysis. Cells were washed in PBS and adjusted
to an OD of 0.1 (108 cells) in 10 mL PBS (4 °C) prior to the
measurements. For the dead cell control, the culture was boiled
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at 95 °C for 15 min. The gating strategy for living cells is
depicted in Figure 3A. Flow cytometry measurements and
FACS were performed using FACSAriaFusionII Cell Sorter
(BD Biosciences) with the following settings: 438 V(FSC),
277 V (SSC), and 490 V (PE-Texas Red). Red fluorescence
intensities were quantified using PE-Texas Red and displayed
on a standard logarithmic scale. Flow cytometry data was
processed with FACSDiva Software (BD Biosciences). Motifs
found in cells with no/low fluorescence (intensity below 102.1

on the logarithmic scale) were classified as those capable of
slowing down the translational e+ciency of the fluorophore. In
contrast, motifs found in cells with high fluorescence (intensity
>1 × 103.1 on the logarithmic scale) were classified as those
having only a marginal influence on the translational e+ciency
of the fluorophore.

Library Preparation for Illumina High-Throughput
Sequencing. Plasmids from each FACS bin were isolated
with the HiYield Plasmid Mini Kit (Sued Laborbedarf) and
served as template DNA for Illumina-specific amplification
required for sequencing.72 Custom-made DNA oligos were
designed (Merck), consisting of 21 bp Illumina primer
sequence, distinct barcoding tag,72 and a sequence comple-
mentary to the dual-reporter plasmid (forward primer: 81 bp
upstream of the library motif, reverse primer: 167 bp
downstream of the library motif; Figure S6). Purified PCR
products were loaded on a 1% (w/v) agarose gel to estimate
the amount of each amplicon and pooled in equimolar
concentrations.72 The library was finalized for sequencing
according to the manufacturer’s protocols (http://supportres.
i l l u m i n a . c o m / d o c u m e n t s / d o c u m e n t a t i o n / s y s t e m _
documentation/miseq/ preparing-libraries-for-sequencing-on-
miseq-15039740-d.pdf). Paired-end sequencing of 2 × 300
bp (base pairs) with two additional 8 bp index reads was
performed on an Illumina MiSeq platform (Illumina Inc.) with
v3 chemistry. All Sequencing data generated in this study are
deposited in the European Nucleotide Archive (ENA) at
EMBL-EBI under accession number PRJEB77738.

Bioinformatic Analysis of Illumina Library Sequenc-
ing. Sequences were first quality filtered using FASTQ version
0.23.4.73 Sequences were trimmed using a dynamic approach:
if the mean quality of bases within a sliding window of 4
nucleotides dropped below a cuto' of 20, sequences were
trimmed starting at the first base within the window
(--cut_right). Paired reads were corrected using the over-
lapping region (--correction). Next, PANDAseq version 2.11
was used with default parameters to merge paired-end
sequences.74 SABRE version 1.0 was used to demultiplex
sequences,75 and custom Python scripts were used to extract
the sequence region containing the library. The R package
Vegan version 2.6 was used to rarefy sequences to the level of
the sample with the lowest sequence count (this level varied
depending on the samples being compared but was never
lower than 98335 sequences).76 All statistical analyses on the
sequence data were done in R version 4.3.2,77 and all related
figures were created with ggplot2 version 3.4.4.78

Statistical Analysis and Reproducibility. All measure-
ments are from at least three biological replicates except the
plate-based library screening (Figure 2C, the count of found
motifs is indicated in the figure) and FACS. Data comparisons
were done using the student’s unpaired two-sided t test
(Microsoft O+ce Excel 2021) and are described in each figure
legend. Error bars in bar graphs represent the standard

deviation (SD). Values with a calculated p value below 0.05
were considered as significantly di'erent.
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Figure S1. Bacterial survival-based determination of translational efficiencies by using a 

heterologous dual reporter system. A Construction of reporters for translational efficiency 

measurements. The reporters were designed to consist of either one reporter gene encoding an antibiotic 

resistance protein (left panel; chloramphenicol acetyltransferase, CAT) or two reporter genes encoding a 

fluorophore sfGFP and CAT, linked with a weak translational coupling device1. The motifs were located 

either from the fourth (4th) or from the sixteenth (16th) nucleotide position of the gene coding for the 

fluorescent protein. The arrows illustrate promoter locations. B, C 96-well assay plate of the growth 

measurements (B) and growth quantification (C) of E. coli BW25113 &efp. The strain contains the reporter 

plasmid pBAD24_motif_cat. D, E Growth quantification of E. coli BW25113 &efp containing the dual 

reporter plasmid pBAD24_motif_sfgfp_cat with the motif at the 4th (D) or the 16th (E) nucleotide position 

of the gene sequence coding for fluorescent protein. RPAP, TPPP and RPPP motifs were used to assess 

no stalling/ stalling of the ribosome (Figure 1A). Error bars indicate the standard deviation (SD) of three 

independent biological replicates. Statistics: student9s unpaired two-sided t test (****p < 0,0001; 

***p < 0.001; **p < 0.01; *p < 0.05; ns p > 0.05). 1.7 ¿g/mL CHL and no Ara (RPAP vs TPPP: ns p = 0.750 

[C], ns p = 0.570 [D]; RPAP vs RPPP: ns p = 0.524 [C], ns p = 0.732 [D]); 1.7 ¿g/mL CHL and 0.2 % (w/v) 

Ara (RPAP vs TPPP: ns p = 0.589 [C], ns p = 0.752 [D], ns p = 0.099 [E]; RPAP vs RPPP: *p = 0.017 [D], 

ns p = 0.423 [D], **p = 0.001 [E]); 2.3 ¿g/mL CHL and 0.2 % (w/v) Ara (RPAP vs TPPP: ns p = 0.092 [C], 

ns p = 0.399 [D], ns p = 0.093 [E]; RPAP vs RPPP: **p = 0.004 [C], ns p = 0.513 [D], **p = 0.002 [E]); 3.4 

¿g/mL CHL and 0.2 % (w/v) Ara (RPAP vs TPPP: ns p = 0.359 [C], ns p = 0.381 [D], *p = 0.036 [E]; RPAP 

vs RPPP: **p = 0.003 [C], ns p = 0.634 [D], *p = 0.013 [E]), 3.8 ¿g/mL CHL and 0.2 % (w/v) Ara (RPAP vs 

TPPP: ns p = 0.184 [C], ns p = 0.646 [D], *p = 0.041 [E]; RPAP vs RPPP: **p = 0.002 [C], ns p = 0.991 [D], 

*p = 0.027 [E]); 4.3 ¿g/mL CHL and 0.2 % (w/v) Ara (RPAP vs TPPP: ns p = 0.649 [C], ns p = 0.311 [D], ns 

p = 0.147 [E]; RPAP vs RPPP: ***p = 0.001 [C], ns p = 0.925 [D], ns p = 0.095 [E]). Ara 3 arabinose, C1-

C4 3 clone number, CHL 3 chloramphenicol, msc - mscarlet-I, sfgfp - super folded green fluorescent protein. 
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Figure S2. Sequence of the pBAD24_motif_mscarlet-I_weak coupling1_cat expression cassette. 

The reporter cassette is composed of two reporter genes: mscarlet-I (pink arrow) and chloramphenicol 

acetyl transferase (cat, grey arrow). Both reporter genes are connected by a translational coupling device 

sequence (weak coupling 11, blue arrow). The motif responsible for the ribosome pausing (yellow arrow) is 

incorporated at the 5'-end of the mscarlet-I gene sequence. The restriction sites NheI (green box) and PstI 

(light pink box) were used to clone the construct into the pBAD24 vector. N - nucleotide. 
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Figure S3. Influence of the chloramphenicol concentration and the motif on the survival and 

fluorescence of the reporter strain. A-C Growth (left panel) and colony fluorescence (right panel) analysis 

of E. coli BW25113 &efp on LB agar assay plates, supplemented with 0.2 % (w/v) arabinose and 4.3 µg 

(A), 3.8 µg (B) or 3.4 µg (C) chloramphenicol. 102 3 104 of cells were plated. The strain was transformed 

with the dual reporter plasmid pBAD24_motif_mscarlet-I_cat, containing either RPAP (Arg-Pro-Ala-Pro) or 

RPPP (Arg-Pro-Pro-Pro) amino acid motif. C1 3 C2 3 clone number. 
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Figure S4. Heterogeneity in plasmid-based fluorophore expression. A Fluorescence microscopic 

images of BW25113 &efp transformed with dual reporter plasmid pBAD24_motif_mscarlet-I_cat. The top 

panel shows phase contrast (PH) images, the bottom panel - images from the red fluorescent channel. 

RPAP (Arg-Pro-Ala-Pro), TPPP (Thr-Pro-Pro-Pro) and RPPP (Arg-Pro-Pro-Pro) amino acid motifs were 

used to asses no stalling/ stalling of the ribosome. B Bar graph showing the average bacterial cell length 

from a total of 516 cells containing the reporter with the indicated amino acid motif. C Quantification of 

relative cell fluorescence from microscopic images. Microscopic images were taken 24 h after induction 

with 0.2 % (w/v) arabinose. D Schematic representation of the heterogeneity phenomenon in flow 

cytometry. e. V. 3 empty vector, h 3 hour, RF 3 relative fluorescence. Error bars indicate the standard 

deviation (SD) with following statistics: student9s unpaired two-sided t test (****p < 0,0001; ***p < 0.001; 

**p < 0.01; *p < 0.05; ns p > 0.05). RPAP vs TPPP: ****p < 0,0001; RPAP vs RPPP: ****p < 0,0001; TPPP 

vs RPPP: ****p < 0,0001 [C]. 
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Figure S5. Distribution of codons encoding the motif RPPP in the library XXXX. Absolute sequence 

counts are depicted in numbers. The size of the circles corresponds to the count magnitude. aa 3 amino 

acid. 
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Figure S6. Primer design for Illumina library sequencing. Forward primers (F1-F4) and reverse primers 

(R2-R4) were designed to contain a sequence required for Illumina sequencing, a barcoding tag2 for sample 

distinction, and a sequence complementary to the target DNA (library plasmids).  
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3.1   Supplemental Tables of Chapter 3 

The tables presented were sourced from Chapter 3 (https://doi.org/10.1021/acssynbio.4c00534) and 

have been reformatted to facilitate their transfer from Microsoft Excel to Microsoft Word format. 

 

 

Data S1: Strains, plasmids and DNA oligonucleotides 

Strain and Plasmid List 

 strain genotype or description   Reference 

E. coli BW25113 �(araD-araB)567, �lacZ4787(::rrnB-3), »-, rph-1, �(rhaD-
rhaB)568, hsdR514  

 
[1] 

E. coli BW25113 �efp  F-, �(araD-araB)567, �lacZ4787(::rrnB-3), »-, rph-1, �(rhaD-
rhaB)568, �efp, hsdR514 

 
[2] 

E. coli DH5³ »pir endA1 hsdR17 glnV44 (= supE44) thi-1 recA1 gyrA96 relA1 
Ç809lac�(lacZ)M15 �(lacZYA-argF)U169 zdg2232::Tn10 
uidA::pir)+) 

 
[3] 

JW4107 �(araD-araB)567, �lacZ4787(::rrnB-3), »-, rph-1, �(rhaD-
rhaB)568, �efp-772::kan, hsdR514  

 
[4] 

plasmid genotype or description   Reference 

pBAD24 (e. V.) pBR322 origin, arabinose inducible PBAD promoter, AmpR-
cassette 

 
[5] 

pBAD33 (e. V.) p15A origin, arabinose inducible PBAD promoter, CHLR-cassette 
 

[5] 

pBAD24_RPAP_cat chloramphenicol acetyl transferase (cat); N-terminal motif 
coding for RPAP (arg-pro-ala-pro) 

 
this study 

pBAD24_RPPP_cat cat; N-terminal motif coding for RPPP (arg-pro-pro-pro) 
 

this study 

pBAD24_TPPP_cat cat; N-terminal motif coding for TPPP (thr-pro-pro-pro) 
 

this study 

pBAD24_pos2_RPAP_sfgfp_whp1_cat sfgfp fused with cat, both genes connected with short sequence 
(weak hairpin loop 1);  
motif coding for RPAP (arg-pro-ala-pro), nucleotide position of 
the motif in sfgfp: 4-15 

 
this study 

pBAD24_pos2_RPPP_sfgfp_whp1_cat sfgfp fused with cat, both genes connected with short sequence 
(weak hairpin loop 1);  
motif coding for RPPP (arg-pro-pro-pro), nucleotide position of 
the motif in sfgfp: 4-15 

 
this study 

pBAD24_pos2_TPPP_sfgfp_whp1_cat sfgfp fused with cat, both genes connected with short sequence 
(weak hairpin loop 1); 
motif coding for TPPP (thr-pro-pro-pro), nucleotide position of 
the motif in sfgfp: 4-15 

 
this study 

pBAD24_pos6_RPAP_sfgfp_whp1_cat sfgfp fused with cat, both genes connected with short sequence 
(weak hairpin loop 1);  
motif coding for RPAP (arg-pro-ala-pro), nucleotide position of 
the motif in sfgfp: 16- 27 

 
this study 

pBAD24_pos6_RPPP_sfgfp_whp1_cat sfgfp fused with cat, both genes connected with short sequence 
(weak hairpin loop 1);  
motif coding for RPPP (arg-pro-pro-pro), nucleotide position of 
the motif in sfgfp: 16- 27 

 
this study 

pBAD24_pos6_TPPP_sfgfp_whp1_cat sfgfp fused with cat, both genes connected with short sequence 
(weak hairpin loop 1);  
motif coding for TPPP (thr-pro-pro-pro), nucleotide position of 
the motif in sfgfp: 16- 27 

 
this study 

pBAD24_pos6_RPAP_mscarlet-I 
_whp1_cat 

mscarlet-I fused with cat, both genes connected with short 
sequence (weak hairpin loop 1);  

 
this study 
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motif coding for RPAP (arg-pro-ala-pro), nucleotide position of 
the motif in mscarlet-I: 16- 27 

pBAD24_pos6_RPPP_mscarlet-I 
_whp1_cat 

mscarlet-I fused with cat, both genes connected with short 
sequence (weak hairpin loop 1);  
motif coding for RPPP (arg-pro-pro-pro), nucleotide position of 
the motif in mscarlet-I: 16- 27 

 
this study 

pBAD24_pos6_TPPP_mscarlet-I 
_whp1_cat 

mscarlet-I fused with cat, both genes connected with short 
sequence (weak hairpin loop 1);  
motif coding for TPPP (thr-pro-pro-pro), nucleotide position of 
the motif in mscarlet-I: 16- 27 

 
this study 

pBAD24_pos6_AAGG_mscarlet-I 
_whp1_cat 

mscarlet-I fused with cat, both genes connected with short 
sequence (weak hairpin loop 1);  
motif coding for AAGG (ala-ala-gly-gly), nucleotide position of 
the motif in mscarlet-I: 16- 27 

 
this study 

pBAD24_pos6_WLWS_mscarlet-I 
_whp1_cat 

mscarlet-I fused with cat, both genes connected with short 
sequence (weak hairpin loop 1);  
motif coding for WLWS (trp-leu-trp-ser), nucleotide position of 
the motif in mscarlet-I: 16- 27 

 
this study 

pBAD24_pos6_GRGG_mscarlet-I 
_whp1_cat 

mscarlet-I fused with cat, both genes connected with short 
sequence (weak hairpin loop 1);  
motif coding for GRGG (gly-arg-gly-gly), nucleotide position of 
the motif in mscarlet-I: 16- 27 

 
this study 

pBAD33b_E. c. efp_epmA_epmB_nptI C-terminally His-tagged efp, epmA and epmB in pBAD33, cat 
substituted with neomycin phosphotransferase I (nptI) gene 

 
this study 

pBAD33-efp-His6-epmAB_cat C-terminal His-tagged efp and epmAB from E. coli 
 

[6] 

plasmid libraries       

lib_pBAD24_pos6_XPPX_mscarlet-I 
_whp1_CAT 

library; mscarlet-I fused with cat, both genes connected with 
short sequence (weak hairpin loop 1);  
motif coding for XPPX (X-pro-pro-X), X codes for any amino 
acid, nucleotide position of the motif in mscarlet-I: 16- 27 

 
this study 

lib_pBAD24_pos6_XPXX_mscarlet-I 
_whp1_CAT 

library; mscarlet-I fused with cat, both genes connected with 
short sequence (weak hairpin loop 1);  
motif coding for XPXX (X-pro-X-X), X codes for any amino acid, 
nucleotide position of the motif in mscarlet-I: 16- 27 

 
this study 

lib_pBAD24_pos6_XXPX_mscarlet-I 
_whp1_CAT 

library; mscarlet-I fused with cat, both genes connected with 
short sequence (weak hairpin loop 1); 
motif coding for XXPX (X-pro-X-X), X codes for any amino acid, 
nucleotide position of the motif in mscarlet-I: 16- 27 

 
this study 

lib_pBAD24_pos6_XXXX_mscarlet-I 
_whp1_CAT 

library; mscarlet-I fused with cat, both genes connected with 
short sequence (weak hairpin loop 1);  
motif coding for XXXX (X-X-X-X), X codes for any amino acid, 
nucleotide position of the motif in mscarlet-I: 16- 27 

 
this study 
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DNA and Oligonucleotides 

check primers 
 

 
 

  primer name 5´-3´ sequence  restriction site 

P1 check_pBAD_F GGC GTC ACA CTT TGC TAT GC  
 

P2 check_pBAD_R CAG TTC CCT ACT CTC GCA TG  
 

P3 check_nptI_F TGA GTA GGA CAA ATC CGC CGG G  
 

P4 check_nptI_R CCG ATT TAG AGC TTG ACG G  
 

 ilumina sequencing      

  primer name 5´-3´ sequence  restriction site 

P5 ilumina_seq_F1 TAC ACG ACG CTC TTC CGA TCT TCA TTT AGC GGA TCC TAC CTG 
ACG 

 
 

P6 ilumina_seq_F2 TAC ACG ACG CTC TTC CGA TCT AAG TGA TTA GCG GAT CCT ACC 
TGA CG 

 
 

P7 ilumina_seq_F3 TAC ACG ACG CTC TTC CGA TCT TGC GAG ATT AGC GGA TCC TAC 
CTG ACG 

 
 

P8 ilumina_seq_F4 TAC ACG ACG CTC TTC CGA TCT GAC ATC CAT TAG CGG ATC CTA 
CCT GAC G 

 
 

P9 ilumina_seq_R2 CAG ACG TGT GCT CTT CCG ATC TCG CTC AAC ATG AAC TGA GGG 
GAC AGG 

 
 

P10 ilumina_seq_R3 CAG ACG TGT GCT CTT CCG ATC TGC TAA CAA CAT GAA CTG AGG 
GGA CAG G 

 
 

P11 ilumina_seq_R4 CAG ACG TGT GCT CTT CCG ATC TTT GAC CAG ACA TGA ACT GAG 
GGG ACA GG 

 
 

 reporter cloning      

  primer name 5´-3´ sequence  restriction site 

P12 pB24_RPAP_cat_F ATC CGC TAG CAG GAG GAA TTC ACC ATT GAG AAA AAA ATC CGC 
CCG GCG CCG ACT GGA TAT ACC A 

 NheI 

P13 pB24_RPPP_cat_F ATC CGC TAG CAG GAG GAA TTC ACC ATT GAG AAA AAA ATC CGC 
CCG CCG CCG ACT GGA TAT ACC A 

 NheI 

P14 pB24_TPPP_cat_F ATC CGC TAG CAG GAG GAA TTC ACC ATT GAG AAA AAA ATC ACC 
CCG CCG CCG ACT GGA TAT ACC A 

 NheI 

P15 pB24_2RPAP_sfgfp_F ATC CGC TAG CAG GAG GAA TTC ACC ATG CGC CCG GCG CCG 
GGA AGC AAA GGA GAA GAA CTT TTC A 

 NheI 

P16 pB24_2RPPP_sfgfp_F ATC CGC TAG CAG GAG GAA TTC ACC ATG CGC CCG CCG CCG 
GGA AGC AAA GGA GAA GAA CTT TTC A 

 NheI 

P17 pB24_2TPPP_sfgfp_F ATC CGC TAG CAG GAG GAA TTC ACC ATG ACC CCG CCG CCG 
GGA AGC AAA GGA GAA GAA CTT TTC A 

 NheI 

P18 pB24_6RPAP_sfgfp_F ATC CGC TAG CAG GAG GAA TTC ACC ATG AGC AAA GGA GAA CGC 
CCG GCG CCG GAA CTT TTC ACT GGA GTT GT 

 NheI 

P19 pB24_6RPPP_sfgfp_F ATC CGC TAG CAG GAG GAA TTC ACC ATG AGC AAA GGA GAA CGC 
CCG CCG CCG GAA CTT TTC ACT GGA GTT GT 

 NheI 

P20 pB24_6TPPP_sfgfp_F ATC CGC TAG CAG GAG GAA TTC ACC ATG AGC AAA GGA GAA ACC 
CCG CCG CCG GAA CTT TTC ACT GGA GTT GT 

 NheI 

P21 pB24_6RPAP_mscI_F ATC CGC TAG CAG GAG GAA TTC ACC ATG GTG AGC AAG GGC 
CGC CCG GCG CCG GAG GCA GTG ATC AAG GAG TT 

 NheI 

P22 pB24_6RPPP_mscI_F ATC CGC TAG CAG GAG GAA TTC ACC ATG GTG AGC AAG GGC 
CGC CCG CCG CCG GAG GCA GTG ATC AAG GAG TT 

 NheI 

P23 pB24_6TPPP_mscI_F ATC CGC TAG CAG GAG GAA TTC ACC ATG GTG AGC AAG GGC 
ACC CCG CCG CCG GAG GCA GTG ATC AAG GAG TT 

 NheI 

P24 ov_sfgfp_whp1_R AAT AGG AGG ACC TCC TAT TTC ATT TGT AGA GCT CAT CCA TGC 
CA 
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P25 ov_whp1_cat_F AAT AGG AGG TCC TCC TAT TGA GAA AAA AAT CAC TGG ATA TAC 
CA 

 
 

P26 ov_mscI_whp1_R AAT AGG AGG ACC TCC TAT TTT ACT TGT ACA GCT CGT CCA TGC 
CG 

 
 

P27 pB24_cat_PstI_R AGC CCT GCA GGT CGA CTC TAG ATT ACG CCC CGC CCT GCC ACT 
CAT CG 

 PstI 

P28 pB24_AAGG_mscI_F GGG GGA GAG GCA GTG ATC AAG G  
 

P29 pB24_AAGG_mscI_R GGC AGC GCC CTT GCT CAC CAT G  
 

P30 pB24_WLWS_mscI_F TGG TCC GAG GCA GTG ATC AAG G  
 

P31 pB24_WLWS_mscI_R CAG CCA GCC CTT GCT CAC CAT G  
 

P32 pB24_GRGG_mscI_F GGT GGG GAG GCA GTG ATC AAG G  
 

P33 pB24_GRGG_mscI_R ACG GCC GCC CTT GCT CAC CAT G  
 

resistance cassette cloning   

 primer name 5´-3´ sequence  restriction site 

P34 ov_nptI_ins_F CTT TTG TTT ATT TTT CTA AAC TTG GCC GGG TTA CAT TGC ACA 
AGA TA 

 
 

P35 ov_nptI_ins_R GCC GCT ACA GGG CGC GTA AAT CAA TCT TTG GCC GGC GCC 
GTC CCG TC 

 
 

P36 ov_nptI_backb_F AGA TTG ATT TAC GCG CCC TGT AGC GGC GCA TTA AGC GCG GCG 
GGT GT 

 
 

P37 ov_nptI_backb_R TTT AGA AAA ATA AAC AAA AGA GTT TGT AGA AAC GCA AAA AGG 
CCA TC 

 
 

 library cloning  

 primer name 5´-3´ sequence  restriction site 

P38 lib_mscI_XPPX_F C ATG GTG AGC AAG GGC NNN CCG CCG NNN GAG GCA GTG ATC 
AAG GAG T 

 
 

P39 lib_mscI_XXXX_F C ATG GTG AGC AAG GGC NNN NNN NNN NNN GAG GCA GTG ATC 
AAG GAG T 

 
 

P40 lib_mscI_XPXX_F C ATG GTG AGC AAG GGC NNN CCG NNN NNN GAG GCA GTG ATC 
AAG GAG T 

 
 

P41 lib_mscI_XXPX_F C ATG GTG AGC AAG GGC NNN NNN CCG NNN GAG GCA GTG ATC 
AAG GAG T 

 
 

P42 lib_mscI_R GCC CTT GCT CAC CAT GGT GAA TTC CTC CTG CTA GC  
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4 Concluding discussion and outlook 
 

The synthesis of consecutive prolines highly depends on a fully functional EF-P (61,62). In addition 

to its critical roles in cellular fitness and environmental cell adaptation during stress (61,154,161), its 

relevance for bacterial virulence renders EF-P a suitable target for antibiotic research and drug 

production (155,190-192). The discovery of functional EF-Ps that do not require PTMs (172) makes EF-

P an intriguing protein for energy-efficient protein production in biotechnological applications. However, 

the functional characteristics of EF-P at the molecular level remain incomplete, and its potential 

applications in biotechnology necessitate further investigations. The existence of both unmodified and 

modified EF-Ps prompts questions on the evolution and necessity of such chemically diverse modification 

systems for the translation of polyprolines. This thesis uncovers the fundamental principles that govern 

the functionality of unmodified EF-Ps, with a particular focus on the correlation between the sequence 

identity of these EF-Ps and their functionality in Escherichia coli (Chapter 2). The novel in vivo reporter 

system for ribosomal pausing measurements (Chapter 3) can serve as a tool for future studies to 

investigate the spectra of polyproline motifs rescued by unmodified EF-Ps and by other factors recently 

identified to be involved in the polyproline synthesis (YfmR, Uup, YebC)(193-196). 

 

4.1  R. vannielii EF-P is fully functional in E. coli 
 

In many bacterial species, PTMs boost the activity of EF-Ps (153,155,158,159,169,170,173). 

Although bacteria have evolved species-specific modification pathways to activate their EF-Ps, studies 

demonstrated that EF-Ps with particular modifications are also interchangeable across species. For 

example, the co-expression of Shewanella oneidensis EF-P with its corresponding modification enzyme 

EarP in E. coli can complement the deletion of the native efp (155). Minor substitutions within the 

activation loop of E. coli EF-P were sufficient for E. coli to switch the modification from lysylation to 

rhamnosylation upon co-expression of the modification enzyme EarP (181). However, the rhamnosylated 

E. coli EF-P could not fully rescue the translation of pH sensor CadC, which contains polyprolines (181), 

suggesting that additional factors might hinder the rhamnosylated EF-P from reaching full activities. 

These observations indicate EF-Ps and their cognate modification systems have co-evolved, working 

together to maximize activity in the native host. The discovery of unmodified EF-Ps from Actinobacteria 

with full activity (172) has prompted a debate regarding the necessity of the modifications developed in 

other species. It is reasonable to expect that unmodified EF-Ps, which have been evolutionarily optimised 

over a considerable period of time, could be easily transferable to other species and functionally replace 

other EF-Ps that are dependent on a PTM. However, heterologous expression of unmodified EF-Ps from 

Actinobacteria have only been shown to restore native EF-P function in other Actinobacteria, such as 

Corynebacterium glutamicum (172). When expressed in E. coli, whose native EF-P requires a PTM 

(153,159,166,167), the actinobacterial EF-Ps are not functional (172). Accordingly, this thesis examined 

the activities of further EF-Ps that were isolated from strains that do not exclusively belong to the 

Actinobacteria phylum but were members of the Bacteroidetes, ³-Proteobacteria and ·-Proteobacteria 
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(Chapter 2)(172). The latter two phyla are more closely related to ³-Proteobacteria phyla, from which E. 

coli originates, than to Actinobacteria. Here, it could be hypothesised that bacteria species closely related 

to E. coli might develop EF-Ps more compatible with E. coli9s translational apparatus, such as the 

ribosome or tRNA. Among the PGKGP subfamily EF-Ps evaluated in this thesis, the EF-P from 

Rhodomicrobium vannielii effectively rescued translation of the polyproline-containing pH sensor CadC, 

achieving levels similar to those observed with the native E. coli EF-P (Chapter 2). Mass spectrometry 

studies with purified R. vannielii EF-P confirmed that it is unmodified in E. coli (Chapter 2). These findings 

support the hypothesis that PGKGP serves as a signature motif for unmodified EF-Ps beyond the 

Actinobacteria phyla. However, it remains unclear whether this EF-P was horizontally transferred to other 

bacterial phyla or is an example of convergent evolution (197). 

R. vannielii is a photoheterotrophic anaerobic bacterium named in honour of the Dutch-American 

microbiologist Cornelis Bernardus van Niel (198). Isolated from the Gaden Hot Spring in Malaysia (50-

58 °C), R. vannielii can grow at elevated temperatures (199). Here, EF-P could play a critical role, since 

earlier studies have reported that EF-P performance seems to be more crucial at higher temperatures 

(161). Therefore, the absence of an EF-P modification could be advantageous for R. vannielii in terms of 

energy relocation that is not needed for modifying enzyme production towards other processes, helping 

the bacterium to cope with challenging conditions. Similarly to certain actinobacterial representatives 

(Streptomyces coelicolor: 1.08 XPPX motif/protein; Mycobacterium tuberculosis: 1.17 XPPX 

motif/protein)(172), R. vannielii exhibits relatively high abundance of polyproline-containing motifs within 

its proteome (0.88 XPPX motif/protein, unpublished data), whereas E. coli has 0.49 XPPX motif/protein 

(134). It thus appears plausible that bacteria adapted to survive in extreme conditions, and which are 

forced to cope with polyproline motif translation, did evolve an EF-P with high-performance capabilities 

despite the absence of a PTM. However, studies of R. vannielii EF-P in the native host were not within 

the scope of this thesis and represent a valuable topic for further research. 

In contrast to the R. vannielii EF-P, all other PGKGP subfamily EF-Ps tested could not rescue CadC 

synthesis (in Chapter 2 Figure 1B-C). High diversity in amino acid sequence composition indicates the 

potential for incompatibility between tested PGKGP subfamily EF-Ps and E. coli9s translational machinery 

(172)(Chapter 2). Despite the conservation observed in the protein 3D structures of the PGKGP 

subfamily EF-Ps together with EF-Ps, which require a PTM for optimal activity (172), it can be suggested 

that sequence variations might influence the functional characteristics of these proteins. The 44 % 

sequence identity of PGKGP subfamily EF-Ps and E. coli EF-P underscores the high diversity in 

the amino acid sequence among compared EF-Ps (in Chapter 2 Table S1). It is, therefore, unsurprising 

that all tested EF-Ps performed differently and that only one EF-P candidate was found to rescue 

translational stalling (Chapter 2). 

Taken together, it has been demonstrated that an unmodified EF-P can substitute for the native 

modified EF-P in synthesising the polyproline-containing pH sensor CadC in E. coli. Given the structural 

homology and sequence diversity of EF-Ps within the PGKGP subfamily, it seems possible that the amino 

acid type within the EF-P backbone may influence protein function in E. coli. 



Concluding discussion and outlook 

85 

 

4.2 Amino acids within the EF-P backbone determine the functionality of 

unmodified EF-Ps 
 

A molecular mechanism of EF-P acting during polyproline synthesis in E. coli was proposed based 

on structural investigations (151). It has been suggested that the incompatibility between the polyproline 

nascent chain and the exit tunnel destabilises the P-site tRNA. In this scenario, the modified EF-P loop 

makes contact with the CCA end of the P-site tRNA, stabilizing it and thereby allowing the nascent chain 

to adopt a more favourable conformation, improving the peptide bond formation (151). This model 

highlights the necessity of a modification system of EF-P for the translation of polyproline sequences. 

Therefore, it remains unclear how unmodified EF-Ps, which lack this extension of the activation loop, can 

reach the CCA end. As the R. vannielii EF-P and E. coli EF-P have comparable levels of activity (Chapter 

2) it may be possible that amino acids situated within the EF-P backbone, apart from the activation loop, 

may have functional roles. Functional studies with constructed EF-P hybrids narrowed the search for 

amino acids with the greatest impact on unmodified EF-P functionality in E. coli (Chapter 2). These 

investigations revealed that R. vannielii EF-P domain I had the greatest effect on EF-P activity in E. coli 

(in Chapter 2 Figure 3). This observation would not be a surprise in the context of modified EF-Ps, given 

that all activation loops which require a PTM are localized within domain I 

(150,152,155,156,166,169,174). However, in the case of R. vannielii EF-P, mass spectrometry studies 

verified no modification at this position (Chapter 2), indicating that, in addition to the activation loop, other 

amino acids present in domain I, may also be involved in regulating the activity of EF-P. 

Multiple sequence alignments revealed the presence of amino acids in the PGKGP subfamily of EF-

Ps that exhibited common characteristics distinct from those observed in E. coli and R. vannielii EF-Ps 

(Chapter 2). These observations suggested about their critical roles in EF-P functionality in E. coli. Three 

amino acid positions within the S. venezuelae EF-P backbone were identified with considerable impact 

on its activity in E. coli using an established synthetic molecular engineering approach (in Chapter 2 

Figure 4B). Particularly, substituting amino acids with neutral side chains with amino acids with charged 

side chains at positions 35, 50 and 63-65 (positions numbered according to S. venezuelae EF-P) resulted 

in elevated EF-P activity in E. coli (Chapter 2). Amino acid replacements at equivalent positions in 

P. gingivalis EF-P and W. virosa EF-P improved their activities in E. coli as well, demonstrating that 

certain amino acids boost the functionality of unmodified EF-Ps (Chapter 2). Notably, in W. virosa EF-P, 

the substitution of three positions was sufficient to render it a fully functional EF-P, with activities 

comparable to the modified E. coli EF-P (Chapter 2). These results highlight the applicability of the 

developed synthetic engineering system to improve the activity of other unmodified EF-P candidates in 

E. coli.  

Structural alignments of the PGKGP subfamily EF-P wild types and their corresponding variants 

revealed no notable alterations in protein structure (data not shown). This indicated that the reduced 

activity of unmodified EF-Ps (Chapter 2) is more likely due to the incompatibility between these EF-Ps 

and the surrounding translational apparatus of E. coli than overarching structural differences. Structural 
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modelling of the R. vannielii EF-P with E. coli's translational machinery (151) indicates that amino acids 

with charged side chains may interact with either the P-site tRNA (S. venezuelae EF-P substitutions: 

P35Q, V50R) or with the ribosome (23S rRNA; S. venezuelae substitutions: 63-65)(in Chapter 2 Figure 

S7). Accordingly, these distinct amino acids might be critical for EF-P compatibility with the translational 

machinery, ultimately determining how effective those unmodified EF-P can contribute during the 

polyproline motif translation in E. coli (Figure 5). Recent studies have proposed a model for the kinetics 

of EF-P binding to the translational complex in E. coli  (200,201). Based on these studies, EF-P constantly 

scans the ribosome by rapidly binding to the translation complex. A proper binding to the translational 

machinery was achieved after E. coli EF-P was modified (200). The unmodified PGKGP subfamily EF-P 

variants generated in this study may contain a more compatible protein structure to the E. coli ribosome, 

resulting in improved binding to the translation machinery compared to their wild type counterparts 

(Figure 5). This could allow improved positioning during the rapid scanning process. However, additional 

structural analyses are needed for further insight into the precise molecular mechanism of EF-P during 

polyproline synthesis, such as using Cryo-EM with PGKGP subfamily EF-Ps in complex with translational 

machinery. 

Taken together, this thesis developed a platform for optimizing and engineering unmodified EF-Ps 

intending to improve their functionality in E. coli. Structural modelling provided initial insights into the role 

of critical amino acids in making contact with the surrounding translational machinery. This thesis 

provides a framework for further research to understand the molecular principles behind the functionality 

of unmodified EF-Ps. By demonstrating that the native modified E. coli EF-P can be functionally replaced 

by unmodified EF-Ps to maintain translation efficiency indicates that these EF-Ps are promising 

candidates in biotechnological applications. This could be particularly advantageous in a biotechnological 

context, as strains can redirect the energy originally dedicated to the production of modification enzymes 

towards the synthesis of the desired biotechnological product. 
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Figure 5. Schematic illustration of stalled ribosome rescue at polyproline motifs by activated EF-Ps. E. coli 

EF-P requires a post-translational modification (PTM) to alleviate stalled ribosomes and facilitate fast translation of 

polyproline motifs. Amino acid substitutions render unmodified EF-Ps from the PGKGP subfamily to be active during 

the translation of polyproline motifs. Marginally active EF-Ps are indicated by an orange background, active EF-

Ps are indicated by a green background. EF-P 3 elongation factor P. 
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4.3 Preferences in the rescue of distinct polyproline motifs 
 

Deletion of efp can have severe consequences for bacteria, leading to detrimental phenotypes 

(155,159,161,169,202) or cell death  (156,191). Notably, in certain species, the absence of the modifying 

enzyme leads to growth defects similar to those caused by the deletion of the efp gene alone 

(154,155,157). This further emphasizes the significance of modifications in those species, as these EF-

Ps in an unmodified state can only partially compensate for the absence of fully functional modified EF-

Ps. In line with previous studies, this thesis reveals comparable phenotypes observed with E. coli mutants 

that either lacked one of the genes responsible for the modification (&epmA) or the gene encoding EF-P 

(&efp)(Chapter 2). Both mutants had growth defects compared to wild type (Chapter 2). Chromosomal 

integration of the R. vannielii EF-P was sufficient to rescue growth defects observed with E. coli mutants 

lacking genes encoding EF-P or EpmA (see Chapter 2 Figures 2A-C). Based on these results, it appears 

that the R. vannielii EF-P is capable of fulfilling the role of the native modified EF-P in E. coli, not only 

during the rescue of CadC synthesis (in Chapter 2 Figure 1) but potentially also during the synthesis of 

other proteins (in Chapter 2 Figure 2). Consistent with these observations, the overall proteome profiles 

of E. coli wild type and the E. coli mutant encoding R. vannielii EF-P clustered together the closest in the 

PCA analysis (Chapter 2). Thus, in this study, an E. coli mutant strain encoding an unmodified EF-P was 

constructed, which maintains proteome homeostasis comparable to E. coli wild type. This further 

highlights the interchangeability of both EF-Ps. 

A more comprehensive investigation of the rescue of proteins with diprolyl motifs (XPPX) was done 

by comparison of XPPX-containing protein abundances between the wild type and all EF-P mutant 

strains (in Chapter 2 Figure 2E and Figure S5). Here, diverse scatter profiles could be detected, indicating 

different preferences of these mutants regarding XPPX motif-containing protein synthesis. The mutant 

strain encoding R. vannielii EF-P could rescue 74 % of downregulated proteins containing XPPX motifs 

(in Chapter 2 Figure 2F). At first sight, this seemed unexpected, as the two strains clustered together 

most closely in the PCA analysis based on their proteomes (Chapter 2). However, previous studies have 

shown that not all proteins with polyproline motifs are equally rescued by wild type and mutants lacking 

the efp or lacking genes encoding modification enzymes (131,172,184)(Figure 6). In particular, some 

proteins with consecutive prolines were found to be more abundant in E. coli mutants lacking the 

modification enzymes or EF-P compared to the wild type strain (131,184). These data further highlight 

that, in addition to the fully functional EF-P, other factors may influence the strength of ribosome stalling. 

These factors could include the sequences upstream and downstream of the motif (Figure 6), the context 

of the codons, the location of the motif within the ORF or the composition of the motif itself 

(131,184,186,189). Such sequence characteristics may help the cell to precisely control protein 

abundance even in the presence of a fully functional EF-P. This might explain why the E. coli mutant 

expressing R. vannielii EF-P could not rescue all proteins with XPPX motifs, as shown in Chapter 2.  
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Figure 6. A systematic investigation of the EF-P dependency in the expression of proteins containing 

XPP/PPX motifs. (A) A bar graph comparing the observed and expected occurrences of PPP (orange), XPP 

(salmon), and PPX (blue) triplets in proteins encoded within the E. coli genome. (B) ³-galactosidase activity 

measurements with PPP (orange), XPP(H) (salmon), or (F)PPX (blue) motifs containing LacZ constructs. Activities 

measured in E. coli �efp strain were normalised to measured activities in E. coli wild type. Figure derived and 

adapted from (131). 

 

 

The rescue of distinct polyproline-containing proteins suggests that different types of EF-P, whether 

modified or unmodified, may preferentially rescue a subset of polyproline motifs. However, the spectrum 

of motifs that unmodified EF-P can rescue remains poorly understood. Therefore, in this thesis, a novel 

reporter system was developed to improve the assessment of ribosome pausing across an unbiased 

spectrum of motifs. The development of such a system is discussed in more detail in the next chapter 

(Chapter 4.4). 
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4.4 A tuneable plasmid based dual reporter for rapid ribosome pausing 

measurements 
 

EF-Ps from Actinobacteria have been shown to function effectively within their native hosts without 

requiring any PTMs (172). However, the complete range of motifs these EF-Ps can rescue is still not 

completely understood. The discovery of motifs comprising fewer than three prolines, which were shown 

to highly impact protein synthesis in Escherichia coli (131)(Figure 6), broadens the spectrum of motifs 

that necessitate further investigation with unmodified EF-Ps. Interestingly, the type of amino acid present 

upstream and downstream of the two prolines within the polyproline motif shows a notable degree of 

variability in its impact on the strength of ribosome pausing (131)(Figure 6). Thus far, no ultimate rule 

has been established to explain how these amino acid variations influence ribosome stalling thus 

necessitating further investigations. The design and discovery of unmodified EF-Ps that demonstrate 

functionality in E. coli (as discussed in Chapter 2) raised questions regarding which specific motifs these 

EF-Ps might be able to rescue. Common methods for assessing ribosome pausing include ribosome 

profiling, proteomics, and in vitro techniques (131,182-184,186). Implementing these methodologies 

requires specialized equipment and reagents, rendering them impractical for many research laboratories. 

The development of in vivo systems for investigating ribosome pausing in living organisms could help 

overcome these barriers. Examples of these reporters are a chromosomally integrated fluorophore with 

stalling motifs (172), the PcadBA lacZ-based reporter system (61), the HisL reporter system (189) or the L-

serine biosynthesis-based reporter system (203). One advantage of these systems is that they permit 

stable control over reporter expression, providing constant ribosome pausing measurements. However, 

the constraints associated with these systems are either that the measured motifs remain the same due 

to measurements of the same protein with polyprolines (61) or that the exchange of motifs is technically 

challenging due to the necessity of chromosomal incorporation of the motif (172,189,203). Additionally, 

chromosomal reporters complicate the generation of libraries, whereas plasmid-based library generation 

is relatively straightforward. To enhance the efficacy of screenings, thereby rendering them suitable for 

high-throughput library screenings, a plasmid-based dual reporter was developed (Chapter 3).  

Plasmid-based reporter systems, which use fluorophores to measure ribosome pausing have been 

described previously (158,161,178). However, these have mainly used the fluorescent protein GFP as 

a reporter, which requires additional equipment such as microscopes or spectrometers for 

measurements. This dependency on specialized tools could be a drawback when aiming for more 

accessible or high-throughput methods. To overcome this limitation, the fluorophore mScarlet-I was 

chosen to be part of the reporter, as it is directly detectable from the colony through a colour change, 

eliminating the need for a microscope or spectrometer (Chapter 3). Moreover, the fusion of the gene 

encoding mScarlet-I with a resistance gene cassette encoding chloramphenicol acetyltransferase (CAT, 

chloramphenicol acetyltransferase) enabled the assessment of ribosome pausing based on two distinct 

outcomes: cell fluorescence and bacterial survival (Chapter 3). The combination of a fluorophore and an 

antibiotic resistance protein enhances the tunability of the system (Figure 7). In particular, higher 

antibiotic concentrations facilitate the preferential identification of weaker pausing motifs, as cells carrying 
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plasmids with strong pausing motifs are unable to express the antibiotic resistance gene in sufficient 

quantities to survive (in Chapter 3 Figure 1C-D and S1C-E)(Figure 7). This underscores the tunability of 

the system that allows directed studies of motifs of interest (Figure 7). Future investigations could employ 

this system to pre-determine the antibiotic concentrations required to exclude motifs that are not central 

to the study (e.g. motifs causing strong ribosome pauses), thus facilitating a more targeted analysis. 

 

 

 

Figure 7. Tuneability of the dual reporter system during measurements of the ribosome pausing. The 

illustration depicts a 96-well plate (left bottom) inoculated with clones containing a dual-reporter plasmid with motifs 

causing varying ribosome pausing strengths (columns 1 to 4 3 weak pausing, columns 5 to 8 3 middle pausing, 

columns 9 to 12 3 strong pausing). The chloramphenicol (CHL) concentration in the agar assay plates dictates the 

selective growth of clones carrying the dual reporter plasmid with stalling motifs (right, screening), highlighting the 

system's tunability. 

 

 

Consistent with activity assays, proteomics and ribosome profiling data from previous studies 

(131,186)(Figure 7), the dual reporter system allowed the detection of motifs with different effects on 

translation (in Chapter 3 Figure 2C). High throughput screening with motif libraries identified the strength 

of additional motifs (strong pausing: PPPA, PPPL, GPPV, PPPR, PPPP, GPPH; weak pauses: LPPH, 

FPPF, TPPR, FPPL, LPPF)(in Chapter3 Figure 3B), which were in line with previous studies as well (134) 

(Figure 6)(131). These observations suggest that the system generated in this study is suitable for 

measuring ribosome pausing, as it successfully reproduces data from studies using alternative systems 

for measurements. While screening the XXXX library, motifs lacking prolines (AAGG, GRGG, WLWS) 

were also identified (in Chapter 3 Figure 3C). Notably, the translation of these motifs could not be rescued 

by a modified EF-P in E. coli (in Chapter 3 Figure 3D), which is not unexpected given that the XXXX motif 
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screening was carried out only in strains lacking EF-P (&efp). The fact that EF-P could not rescue the 

translation of these motifs suggests that other mechanisms or factors could be involved during 

the translation of AAGG, GRGG and WLWS. These findings highlight the reporter system's broader 

applicability; therefore, future research could employ the dual reporter system to examine motifs that rely 

not only on EF-P to be rescued but also on alternative mechanisms.  

Recently, members of the F subfamily of ABC ATPases (ABCF), namely YfmR/UuP, have been 

shown to be involved in translating polyproline motifs like EF-P (193,194,196). Severe growth defects 

were detected with a strain lacking yfmR and efp in B. subtilis (193,194). Additionally, yfmR and efp were 

shown to have partially overlapping functions since the deletion of yfmR in B. subtilis �efp mutants 

results in a more pronounced ribosomal arrest during polyproline synthesis compared to the deletion of 

efp alone (193). Besides YfmR/UuP, another RNA binding translation factor, YebC, was also recently 

described to be involved in the translation of polyproline motifs (195). Ribosome profiling data, together 

with in vivo and in vitro studies, suggest that ribosomal pausing at polyproline stretches increases in the 

absence of YebC (195). In conclusion, it can be argued that EF-P is not the sole factor responsible for 

alleviating stalled ribosomes during polyproline synthesis. However, the spectrum of motifs these newly 

discovered systems can rescue is currently limited. The dual reporter system described in this thesis 

represents a versatile platform for future research in this area. 

 

4.5 Outlook and future perspectives 
 

This thesis provides fundamental insights into the functional principles of unmodified EF-Ps using a 

combination of functional studies, proteomic studies and structural modelling. The expression of 

unmodified EF-P variants, designed in this study, in other bacterial species would further improve the 

understanding of the roles the identified critical amino acids play during polyproline motif translation 

(Figure 8A). Structural studies (e. g. Cryo-EM) with unmodified EF-P variants and translational machinery 

(e.g. ribosome, tRNA) could provide further evidence regarding the spatial positioning of the EF-P during 

the peptide bond formation (Figure 8B). Determination of the binding kinetics would give insights about 

the substrate recognition elements necessary for unmodified EF-P to bind to the ribosome and tRNA 

during translation in time (Figure 8C). Moreover, it could provide evidence about the frequency with which 

these EF-Ps can bind to their respective binding partners. Strains with chromosomally integrated 

unmodified EF-Ps in E. coli would provide a platform for heterologous protein production in synthetic 

biology and biotechnological applications. The production of biotechnological and chemical compounds 

in these strains should be examined with respect to quantities produced, product quality, and potential 

energy savings (Figure 8D). 

This thesis describes the development and the characterization of a plasmid-based dual reporter 

system for ribosome pausing measurements. Future studies using this platform can investigate the 

translational rescue of polyproline motif containing protein libraries (Chapter 3) in strains expressing 

unmodified EF-Ps/EFP variants (generated in Chapter 2)(Figure 8E). These studies would reveal the 
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motif spectra9s these EF-Ps are capable to rescue. Moreover, motif libraries could be investigated in 

strains lacking newly described translational regulators YfmR, UuP or YebC, either individually or in 

combination with efp deletion (Figure 8F). This would provide evidence regarding the potential for these 

translational regulators to compensate for the absence of one another in the coverage of the motif spectra 

rescued. Ultimately, the knowledge about the motif spectra rescued by these translational factors will 

enable their targeted application in protein production in synthetic and biotechnological contexts. 

 

Figure 8. Schematic illustration of future research opportunities. The illustration depicts following future 

experiments based on data generated in Chapter 2 and Chapter 3: (A) unmodified EF-P variant expression in other 

bacterial species, (B) structural studies (e.g. Cryo-EM) with unmodified EF-P variants, (C) binding kinetic studies 

with unmodified EF-P variants, (D) studies on biotechnological compound production in bacterial strains with 

unmodified EF-P variants, (E) studies on translational rescue of polyproline-containing protein libraries by using the 

dual reporter system in strains encoding for unmodified EF-P variants, (F) studies on translational rescue of 

polyproline-containing protein libraries in strains lacking the genes coding for YfmR, UuP, YebC and EF-P. 
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