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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
Cell Reports 43, 114063, M
This is an open access article under the
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
ay 28, 2024 ª 2024 The Author(s). Published by Elsevier Inc. 1
CC BY license (http://creativecommons.org/licenses/by/4.0/).
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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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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
2 Cell Reports 43, 114063, May 28, 2024
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
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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)
Cell Reports 43, 114063, May 28, 2024 3



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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(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
4 Cell Reports 43, 114063, May 28, 2024
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 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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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).
Cell Reports 43, 114063, May 28, 2024 5



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
independent biological replicates. Statistics: Student’s unpaired two-sided t test

(E. coli vs. S. v._V50R, *p = 0.0396; S. v. vs. S. v._V50R, **p = 0.0035) (C); Defp De

E. coli vs.R. v., *p = 0.0104) (D); DefpDepmA (C. h. vs.C. h._V50R, ***p = 0.0001; P

Defp) vs. E. coli (in Defp DepmA), **p = 0.0022 (E). See also Figure S1.
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
(****p < 0,0001; ***p < 0.001; **p < 0.01; *p < 0.05; ns p > 0.05). Defp DepmA

pmA (E. coli vs. R. v._K50V, ns p = 0.6099; E. coli vs. R. v._K50R, **p = 0.0092;

. g. vs. P. g._I49R, **p = 0.0037;W. v. vs.W. v._V49R, ***p = 0.00099), E. coli (in
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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.28 Many 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
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

assay. Color code in (B), (C), and (D) corresponds to the strains used in (A). The

confirmed by western blot analysis using antibodies against the His-tag. Pro

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-tagged

respectively. It should be noted that the calculated mass of W. virosa correspon

(H and I) Deconvoluted mass spectra of the chromosomally encoded His-tagged

respectively. Calculated masses correspond to W. virosa EF-P_WT_6xhis =

22139.12 Da. Error bars in (A)–(D) indicate the standard deviation (SD) of at least

bars representing the standard deviation (SD) of four independent biological

***p < 0.001; **p < 0.01; *p < 0.05; ns p > 0.05). Calculated p values: Defp Dep

*p = 0.0454;S. v._A1_A3 vs.S. v._A1_A2_A3, *p = 0.0250;S. v._A2_A3 vs.S. v._A1

0.0096 (a); Defp DepmA (P. g. vs. P. g._P34Q, *p = 0.0244; P. g. vs. P. g._E62

**p = 0.0094), E. coli (in Defp) vs.W. v_P34Q (in Defp DepmA), ***p = 0.0005 (B); E

Defp) vs. E. coli (inDefpDepmA), ***p = 0.0003;W. v._V49R (inDefp) vs.W. v._V49R

(inDefp DepmA), ns p = 0.0506; R. v. (inDefp) vs. R. v. (inDefp DepmA), ns p = 0.1

also Figures S1–S3 and S7.
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
(B), andW. virosa (B, C, and D) in E. coli using the PcadBA::lacZ-based reporter

b-galactosidase activities are given in Miller units (MU). EF-P production was

tein bands corresponding to a 72-kDa protein after staining with 2,2,2-tri-

W. virosa EF-P _S1-S3, heterologously produced in E. coliDepmA or E. coliWT,

ds to a protein without the first methionine.

W. virosa EF-P WT, heterologously produced in E. coli DepmA or E. coli WT,

22270.16 Da and W. virosa EF-P_WT_6xhis without the first methionine =

three independent biological replicates. Data in (E) are mean values with error

replicates. Statistics: Student’s unpaired two-sided t test (****p < 0,0001;

mA (S. v._A1 vs. S. v._A1_A2, **p = 0.0045; S. v._A1_A2 vs. S. v._A1_A2_A3,

_A2_A3, *p = 0.0349), E. coli (inDefp) vs.S. v._A1_A2_A3 (inDefpDepmA), **p =

K, *p = 0.0132; W. v. vs. W. v._P34Q, ***p = 0.0006; W. v. vs. W. v._E62K,

. coli (in Defp) vs.W. v_S1_S2_S3 (in Defp DepmA), ns p = 0.1484 (C). E. coli (in

(inDefpDepmA), ns p = 0.4876;W. v._S1_S2_S3 (inDefp) vs.W. v._S1_S2_S3

176; E. coli (inDefp) vs.W. v. S1_S2_S3 (inDefp DepmA), ns p = 0.2580 (D). See
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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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Data and code availability
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itory (ProteomeXchange: PXD044929).

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this work paper is available from the lead contact upon

request.

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.7,27 Themeasuredb-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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