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Nomenclature

Nomenclature

Amino acid sequences are numbered in a way that the first methionine/valine of the wild type
protein is designated “1” independently of the N-terminal affinity or fluorescence tag (if
existent). Affinity or fluorescence tags are marked in genes and proteins corresponding to their
position, e.g. N-terminal mMNG-EII® or C-terminal efp-6His. Amino acid substitutions in proteins
are designated in one-letter code, followed by the respective amino acid position in the wild-
type protein, and another one-letter code for the amino acid introduced by site-directed
mutagenesis (e.g. EF-P K32A). Gene deletions are marked by “A”.
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Summary

Summary

The incorporation of consecutive prolines into a nascent peptide chain triggers ribosome stalling and
requires rescue via a specific, universally conserved, translation elongation factor — bacterial EF-P and
archaeal/eukaryotic a/elF5A. In Eukarya, Archaea and all bacteria investigated so far, the functionality
of this translation elongation factor depends on specific and rather unusual post-translational
modifications. Actinobacteria, which includes the genera Corynebacterium, Streptomyces and
Mycobacterium is of both medical and economical significance. This work focuses on the EF-P proteins
from the most prominent Actinobacteria. Structure, mechanism of action, expression and specific

physiological effects in the cells are explored.

Proteomic analysis of C. glutamicum revealed that EF-P is required for the translation of proteins
involved in amino acid and secondary metabolite production. Analysis of the protein functionality,
molecular mass, charge and X-ray crystal structure showed evidence that Actinobacterial EF-P does
not require any post-translational modification for activation. While the function and overall 3D structure
of this EF-P type is conserved, the B2QB3 loop containing the conserved lysine32 is flanked by two
essential prolines (P30 and P34) that rigidify it. Amino acid substitutions that increased the flexibility of

this loop completely inhibit EF-P function. This new EF-P subfamily is found in 11% of all bacteria.

The genome of C. glutamicum encodes 1,468 polyproline motifs, many of which are found in
transcriptional regulators and carbohydrate transporters. The requirement of EF-P for translation of
carbohydrate transporters can be a bottleneck in the performance of industrial strains. The EII®*° -
glucose-specific permease of the phosphoenolpyruvate (PEP): sugar phosphotransferase system (PTS)
- encoded by ptsG, is the most important glucose uptake system of C. glutamicum. Due to the presence
of a polyproline, production of EIIC¢ is strongly reduced in the Aefp mutant strain, resulting in a lower
glucose uptake rate and growth defect. The polyproline motif is essential for functionality and could not
be replaced by any other amino acid sequence in an unbiased random mutagenesis. GntR2, a
transcriptional activator of ptsG, is also dependent on EF-P. However, its reduced copy humber can be

compensated for by other regulators.

Analysis of C. glutamicum and S. coelicolor cell lysates revealed that EF-P is upregulated in the early
stationary phase, a time point in which Actinobacteria produce and secrete large amounts of amino
acids and other secondary metabolites. Evolutionary analysis of polyproline motifs in the proteome of
S. coelicolor provided evidence of evolutionary selection against translational stalling in the core
proteome, but not in the enzymes responsible for secondary metabolite production. Proteins essential
for antibiotics production contain up to 15 polyproline motifs and without EF-P, production of coelimycin

P1, undecylprodigiosin and actinorhodin were only a fraction of the parental strain.

This thesis provides evidence that EF-P is active without post-translational modifications in the most
prominent Actinobacteria. Moreover, it acts as a bottleneck in the translation of carbohydrate

transporters and enzymes of secondary metabolism.
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Zusammenfassung

Zusammenfassung

Der Einbau konsekutiver Proline in eine entstehende Peptidkette flihrt zu einem ungewollten Stopp der
Translation am Ribosom. Dieser Arrest kann aufgehoben werden durch einen spezifischen, universell
konservierten Translations-Elongationsfaktor - bakterielles EF-P und archdales/eukaryotisches
a/elF5A. Bei Eukaryoten, Archaeen und allen bisher untersuchten Bakterien hangt die Funktionalitat
des Translations-Elongationsfaktors von spezifischen und eher ungewdéhnlichen post-translationalen
Modifikationen ab. Actinobacteria, zu denen die Gattungen Corynebacterium, Streptomyces und
Mycobacterium gehdren, sind sowohl von medizinischer als auch von wirtschaftlicher Bedeutung. Diese
Arbeit fokussiert sich auf die EF-P-Proteine der prominentesten Actinobacteria, untersucht werden ihre
Struktur, ihren Funktionsmechanismus, Expression und spezifische physiologische Effekte.

Die Proteomanalyse von C. glutamicum ergab, dass EF-P fir die Translation von Proteinen erforderlich
ist, welche an der Produktion von Aminosauren und Sekundarmetaboliten beteiligt sind. Die
Eigenschaften der posttranslationalen Modifikation von EF-P wurde in Corynebacterium glutamicum,
Streptomyces coelicolor und Mycobacterium tuberculosis untersucht. Die Analyse der
Proteinfunktionalitat, der molekularen Masse, der Ladung und der Rontgenkristallstruktur fiihrte zu
Hinweisen, dass in Actinobakterien EF-P keine posttranslationale Modifikation zur Aktivierung bendtigt.
Waéhrend die Funktion und die gesamte 3D-Struktur dieses EF-P-Typs konserviert ist, wird die f2QB3
Schleife, die das konservierte Lysin32 enthalt, von zwei essentiellen Prolinen (P30 und P34) flankiert,
die deren Flexibilitat einschranken. Aminoséuresubstitutionen, die die Schleife flexibler machen,
hemmen die EF-P-Funktion vollstdndig. Diese neue EF-P-Unterfamilie ist in 11 % aller Bakterien zu
finden.

Das Genom von C. glutamicum kodiert fur 1.468 Polyprolin-Motive, von denen viele in
Transkriptionsregulatoren und Kohlenhydrattransportern zu finden sind. Die Notwendigkeit von EF-P fir
die Translation von Kohlenhydrattransportern kann ein Engpass in der Proteinproduktion sein, der die
Leistung industrieller Stamme beeintrachtigt. ElISc — die Glukose-spezifische Permease des
Phosphoenolpyruvats (PEP): Zucker-Phosphotransferase-System (PTS) — kodiert durch ptsG, ist das
wichtigste Glukoseaufnahmesystem von C. glutamicum. Da ein Polyprolin vorhanden ist, ist die
Produktion von El®c im efp Deletionsstamm stark reduziert, was zu einer geringeren
Glukoseaufnahmerate und einem Wachstumsdefekt fuhrt. Das Polyprolin-Motiv ist fUr die Funktionalitét
essentiell und konnte in einer ,unbiased random mutagenesis® nicht durch eine andere
Aminosauresequenz ersetzt werden. GntR2, ein Transkriptionsaktivator von ptsG, ist ebenfalls EF-P-
abhangig. Eine reduzierte Kopienzahl von GntR2 kann jedoch durch andere Regulatoren kompensiert
werden.

Die Analyse der Zelllysate von C. glutamicum und S. coelicolor zeigte, dass die Menge an EF-P in der
frihen stationaren Phase hochreguliert wird, einem Zeitpunkt, zu dem Actinobakterien bekanntlich
grofRe Mengen an Aminoséuren und anderen Sekundarmetaboliten produzieren und sezernieren. Die
evolutionare Analyse von Polyprolin-Motiven im Proteom von S. coelicolor ergab Hinweise auf eine
evolutionéare Selektion gegen Arrestmotive im Kernproteom, nicht aber in den Enzymen, die fir die
Produktion von Sekundarmetaboliten verantwortlich sind. Proteinkomplexe, die fur die Antibiotika-
Produktion essentiell sind, enthalten bis zu 15 Polyprolin-Motive. In einer efp Deletionsmutante war die
Produktion von Coelimycin P1, Undecylprodigiosin und Actinorhodin &uf3erst stark reduziert.

Diese Arbeit liefert Hinweise darauf, dass EF-P ohne posttranslationale Modifikationen in den
bekanntesten Actinobacteria aktiv ist. AulRerdem bildet EF-P einen Engpass bei der Translation von
Kohlenhydrattransportern und Enzymen des Sekundarstoffwechsels.
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Introduction

1 Introduction

1.1 Actinobacteria and their relevance

Actinobacteria constitutes one of the largest phylum among bacteria (Bergey et al., 2012). They are
facultative or obligate anaerobes with a rigid cell wall containing muramic acid. The DNA C+G content
can be over 70 mol% in some species (Bergey et al., 2012). Evolutionary, the divergence of
Actinobacteria from other bacteria is ancient, making it impossible to identify the phylogenetically closest
bacterial group (Lewin et al., 2016; Servin et al., 2008; Ventura et al., 2007). Furthermore, members of
the Actinobacteria have adopted different lifestyles. They are widely distributed in aquatic and terrestrial
habitats (Streptomyces), some are pathogens (e.g., Corynebacterium, Mycobacterium, Gardnerella),
plant commensals (Leifsonia), gastrointestinal commensals (Bifidobacterium), etc. (Bergey et al., 2012).
From morphology to molecular markers, the members of the phylum Actinobacteria are so diverse that
do not have any unique characteristic as common shared to all species assigned to this phylum (Gao
and Gupta, 2005, 2012).

Actinobacteria is the most economically significant as well as biotechnologically valuable phylum in the
domain Bacteria. Explored in industry for naturally producing over 16.000 bioactive compounds and
potential for unnumbered more, including amino acids and its derivatives, antibiotics, cytostatic,
fungicides, modulators of immune responses, siderophores, odor compounds and many more (Bergey
et al.,, 2012; Lewin et al., 2016; Manteca, 2019). Corynebacterium glutamicum and Streptomyces
coelicolor are among the most prominent species of this phyla due to the substantial production of

secondary metabolites and genetically availability for strain engineering.

1.1.1 Corynebacterium glutamicum

Originally isolated from sewage in a screening for organisms secreting L-glutamate (Udaka, 1960), C.
glutamicum is, now a days, largely used in industry as a work-horse in the production of L-glutamate, L-
lysine and derived amino acids (Becker et al., 2018; Eggeling and Bott, 2015; Heider and Wendisch,
2015; Sanchez et al., 2017). Furthermore, it is been successfully engineered to produce plant-derived
aromatic compounds (Kallscheuer et al., 2017; Kallscheuer et al., 2016), diamines (Meiswinkel et al.,
2013; Peters-Wendisch et al., 2014), carotenoids (Henke et al., 2018; Peters-Wendisch et al., 2014)
and biofuels (Jojima et al., 2015; Siebert and Wendisch, 2015; Xiao et al., 2016) just to name a few. C.
glutamicum’s biosafety, genetically availability and fast growth allows this bacterium to be a model for
studies in Actinobacterial membrane synthesis and cell division, pathogenicity of Corynebacteriales to

humans and animals, metabolic engineering and many others.
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In contrast to most bacteria, C. glutamicum simultaneously metabolizes different carbon sources (Moon
et al., 2007; Wendisch et al., 2000). Industrial fermentation in molasses and starch hydrolysates results
in growth without diauxic behavior. Moreover, cultivation in simple carbohydrates mixtures or simply
glucose, cheapen the fermentation process as well as further facilitates purification of the metabolites
secreted (Becker et al., 2018; Kallscheuer et al., 2019; Kogure and Inui, 2018; Wendisch et al., 2016a;
Wendisch et al., 2016b). For this reason, when engineering C. glutamicum strains towards large-scale
metabolite production, carbohydrate transporters such as ElICc and its transcriptional regulators are the
main targets (Krause et al., 2010; Lindner et al., 2013; Xu et al., 2016).

1.1.2 Streptomyces coelicolor

Streptomyces species have been the most important source of bioactive compounds that society is
routinely using in clinic and agriculture. They are responsible for native production of more than 12,400
compounds of all sorts: antimicrobials, insecticides, immunosuppressant, antitumoral, just to name a
few (Bergey et al., 2012; Manteca, 2019). They have a complex life cycle alternating between vegetative
mycelium-like growth, aerial mycelium bearing chains of arthrospores and the arthospores themselves
(Bergey et al., 2012). In S. coelicolor, as well as in other Streptomyces and some other actinobacterial
species, the early stage of the stationary phase is accompanied by a major metabolic switch resulting
in activation of secondary metabolism, including production and secretion of many antibiotics and,
further on, sporulation (Alam et al., 2010; Nieselt et al., 2010; Strauch et al., 1991).

S. coelicolor laboratory strain A(2), produce diverse antibiotics including coelimycin P1 (CPK),
undecylprodigiosin (RED) and actinorhodin (ACT) (van Keulen and Dyson, 2014). Moreover, S.
coelicolor A(2) genome codes for more than 20 secondary metabolite gene clusters (Bentley et al.,
2002). Complex life cycle and secondary metabolism outline this bacterium as a model organism for cell

division and differentiation, secondary metabolite production and antibiotics resistance.

1.2 Translation in bacteria

All bacterial cell activities such as growth and production of secondary metabolites, relies ultimately on
the biosynthesis of several enzymes, transporters and structural proteins through the process of
translation. In this process, a coding mMRNA sequence is translated into the amino acid sequence of a
protein by a complex, dynamic and highly conserved mechanism catalyzed by the ribosomal machinery.
In bacteria, the ribosome consists of a large 50S and a small 30S subunit. The large subunit comprises
the 23S RNA, 5S RNA and about 30 proteins while the small subunit, the 16S RNA and about 20 proteins
(Alberts et al., 2002). This process of protein biosynthesis can be roughly divided into three stages:
initiation, elongation and termination (further subdivided into release and ribosomal recycling) (Figure
1.1) (Alberts et al., 2002; Rodnina, 2018; Schmeing and Ramakrishnan, 2009).
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triphosphate, aa-tRNA aminoacyl-tRNA, RRF ribosome recycling factor. Adapted from (Schmeing and
Ramakrishnan, 2009).

Due to the lack of nucleic compartmentalization in prokaryotes, translation initiate as soon as the
ribosome binding site (RBS) of the leading mRNA is transcribed by the RNA polymerase (RNAP),
permitting the assembly of the ribosomal machinery onto the nascent mMRNA (Burmann et al., 2010;
Proshkin et al., 2010). Therefore, no mMRNA quality control such as capping, polyadenylation or splicing
— common characteristics described for eukaryotes — are described in bacteria (Doma and Parker,
2007). Briefly, the 30S ribosomal subunit is positioned in close vicinity to the mRNA start codon by base
paring a close-complementary sequence of the 16S and the Shine- Dalgarno sequence in the mRNA.
The initiation factors IF3 is also involved in this binding. Further association of IF1, IF2 and initiator tRNA
(tRNA™et) form the 30S initiation complex. IF2 further promotes joining of the 50S subunit to form the
70S initiation complex. The tRNA™et moves to the peptidyl transferase center (PTC) and the elongation
starts (Alberts et al., 2002; Ramakrishnan, 2002; Rodnina, 2018; Schmeing and Ramakrishnan, 2009).

Elongation is the step in which the peptide chain is synthetized according to the mRNA codon sequence.
For that, the ternary complexes, consisting of an aminoacyl-tRNA (aa-tRNA), elongation factor EF-Tu
and GTP diffuses into the 70S aminoacyl-tRNA biding site (A-site). If the t-RNA anticodon perfectly pairs
with the mRNA codon in the decoding center of the A-site, GTP is hydrolyzed favoring the peptidyl
transferase reaction from the t-RNA in the peptidyl-tRNA binding site (P-site) to the aa-tRNA in the A-
site, releasing the EF-Tu. EF-G catalyzes the translocation of the ribosomal complex by a distance of

3
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one codon along the mRNA, moving the deacylated t-RNA to the ribosomal exit site (E-site). Release of
EF-G allows the next elongation cycle (Alberts et al., 2002; Ramakrishnan, 2002; Rodnina, 2018;
Schmeing and Ramakrishnan, 2009).

The elongation is the longest and most energetically-costly step of translation as well as requires around
50% of the total energy produced by a growing bacterial cell (Russell and Cook, 1995). Nevertheless,
several events during this process might cause protein elongation to slow or stop. Usage of rare codons
or Shine-Dalgarno-like sequences within coding regions reduce ribosome speed (Li et al., 2012; Mitarai
et al., 2008; Sorensen and Pedersen, 1991). Other factors such as mMRNA integrity, RNAP and ribosome
fidelity and sequence of the translating peptide trigger ribosome stalling and rescue by one of the several

ribosomal rescue systems (Keiler, 2015; Peil et al., 2013; Ude et al., 2013) (see below).

When the stop codon is reached by the translating ribosomal 70S complex and enters the decoding
center of the ribosome, it is recognized by one of the release factors (RF1 or RF2) catalyzing the
hydrolysis of the peptidyl-tRNA bond and release of the newly synthetized peptide. This characterizes
the termination stage. Ribosome recycling factor and EF-G promotes dissociation of the ribosomal
subunits, tRNA and mRNA, completing the translational cycle (Alberts et al., 2002; Ramakrishnan, 2002;
Rodnina, 2018; Schmeing and Ramakrishnan, 2009).

1.3 Ribosome stalling

Many perturbations during translational elongation can trigger ribosome stalling (Figure 1.2) (Keiler,
2015; Rodnina, 2018). Premature termination of mRNA transcription by RNAP lead to synthesis of
truncated mRNA coding for incomplete proteins and without stop codon (Figure 1.2B). Damage of the
MRNA by external factors (Figure 1.2C), RNAse activity (Figure 1.2D), shifts in the open-reading frame
caused by slippery codons or readthrough (Figure 1.2E and F) results in ribosome stall due to the
absence of codon in the decoding center (non-stop complex) (Keiler, 2015; Rodnina, 2018). In those
cases, the ribosomal rescue trans-translation system or the alternative ribosome-rescue factor A (ArfA)
or B (ArfB) are recruited and allow ribosome recycling (Figure E) (Keiler, 2015; Rodnina, 2018).

Ribosomes can stall, as well, on intact mMRNAs for diverse reasons (Figure 1.2G). Shine-Dalgarno-like
sequences within coding regions can anneal with the 16S rRNA interrupting ribosomal translocation (Li
et al., 2012). Amino acid starvation triggers accumulation of non-charged tRNAs in the ribosomal A-site
with no substrate for elongation (Loveland et al., 2016; Richter, 1976; Wendrich et al., 2002). Translation
of peptides containing consecutive proline codons trigger stalling due to a sterically clash between the
nascent peptide and the ribosome exit tunnel, impeding incorporation of downstream amino acids (Huter
et al., 2017).
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Figure 1.2 — Causes of ribosome stalling in bacteria and ribosome rescue. (A) Most ribosomes elongate
and terminate peptides successfully, producing a full-length protein. The absence of stop codons in
MRNAs caused by (B) premature termination of the transcription, (C) mMRNA damage by external factors
or (D) RNAse activity leads to the formation of a non-stop complex and usually rescued by trans-
translation or by alternative pathways mediated by alternative ribosome-rescue factor A (ArfA) or
B (ArfB). (E) Frameshifting and (F) readthrough of the stop codon can also produce non-stop
complexes. (G) Ribosomes can stall at intact mRNA (details in the text), leading to premature
termination or (H) rescue by EF-P. RNAP RNA polymerase. Adapted from (Keiler, 2015).

Proline is the only proteogenic amino acid that possesses a pyrrolidine ring including the Cq and the
amino group. This unusual connection limits the conformation of the amino acid, restricting flexibility and
lowering the reactivity for the peptide bound formation (Pavlov et al., 2009; Schimmel and Flory, 1968;
Venkatachalam and Ramachandran, 1969). Moreover, when consecutive prolines are incorporated in
the nascent peptide, they adopt an unusual conformation in the ribosome exit tunnel and due to steric
constraints, prevent the peptidyl transferase reaction from the peptidyl-tRNAP™ in the P-site to the Pro-
tRNA in the A-site (Huter et al.,, 2017). Ribosomal translational speed remarkably drops during
translation of polyproline motifs (XPPX), triggering ribosome stalling, translation interruption and release
of truncated proteins (Doerfel et al., 2013; Peil et al., 2013; Ude et al., 2013). Ribosomes stalled at
polyproline stretches are rescued by a specific release mechanism mediated by the translation
elongation factor P (EF-P) (Figure 1.2H) (Huter et al., 2017; Ude et al., 2013).
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1.4 Translation elongation factor P

1.4.1 Function

EF-P is a universally conserved translation elongation factor orthologue to the eukaryotic elF5A and
archaea alF5A (Kyrpides and Woese, 1998; Lassak et al., 2016; Rossi et al., 2014). It binds to stalled
ribosomes favoring Pro-Pro bound formation and production of full-length proteins containing polyproline
motifs (Doerfel et al., 2013; Ude et al., 2013). EF-P activity in maintenance of proline codon fidelity is

also shown (Gamper et al., 2015).

Research on the EF-P function date from 1975 when Glick and Ganoza described positive effects of
EF-P during translation initiation and elongation (Ganoza and Aoki, 2000; Glick et al., 1979; Glick and
Ganoza, 1975). EF-P was formally mistaken as an essential protein for Escherichia coli, when it was
firstly crystalized (Aoki et al., 1997). Recent studies show evidence that EF-P binds to ribosomes during
most of elongation cycles (Mohapatra et al., 2017), has some effect in maintenance of proline and other
codons fidelity probably through alleviating ribosome stalling (Gamper et al., 2015; Naganathan et al.,
2015; Smith et al., 2019). However, it has a remarkable effect in proteostasis of di- and polyproline-
containing proteins, without major effects on translation of other motifs (Figure 1.3A). Evidence that EF-
P facilitates translation of XPPX motifs is based in many structural studies (Blaha et al., 2009; Huter et
al., 2017), various in vivo translation-based reporter systems (Rajkovic et al., 2016; Ude et al., 2013),
biochemical kinetic experiments (Doerfel et al.,, 2013) and ribosome profiling (Elgamal et al., 2014;
Woolstenhulme et al., 2015). To the contrary, the eukaryotic counterpart elF5A is reported to have a
more general positive effect in the translation of many amino acid motifs rather than only polyprolines
(Figure 1.3B) (Schuller et al., 2017), and it is essential for eukaryotes viability (Dever et al., 2014; Gabel
et al., 2013).

The stalling effect of XPPX motifs on ribosomes and rescue via EF-P raised the question why evolution
favored the emergence of such specialized translational elongation factor, rather than the select against
XPPX motifs in bacterial proteomes (Starosta et al., 2014b). A proline-triplet motif is found in the catalytic
pocket of the Val-tRNA synthetase ValS. As this motif is conserved among all kingdoms and essential
for ValS function (Starosta et al., 2014b), it was then proposed that EF-P was first selected to facilitate
the translation of ValS, and later involved in the translation of other XPPX-containing proteins in each
bacteria (Starosta et al., 2014b).
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Figure 1.3 - Effect of EF-P and the eukaryotic counterpart elF5A in their respective host proteomes by
ribosome profiling. (A) Comparison of pausing motifs in E. coli WT and Aefp cells. According to
Woolstenhulme et al., 2015 dataset. (B) Comparison of tripeptide pausing in S. cerevisiae WT and
elF5A-depleted (elF5Ad) cells. Each dot represents one tripeptide motif. The diagonal line indicates the

distribution expected for no enrichment. Adapted from (Schuller et al., 2017).

Besides the catalytic function in ValS, polyproline motifs are secondary structure disrupters, inducing
turns and kinks that favor protein interaction with biomolecules, other proteins and nucleic acids
(Adzhubei et al., 2013; MacArthur and Thornton, 1991; Motz and Jung, 2018; Vanhoof et al., 1995).
Characteristics that might explain why many bacteria encode for a large number of XPPX motifs in their
proteomes (Qi et al., 2018; Starosta et al., 2014b).

Biochemical assays and ribosome profiling of efp deletion mutants defined a hierarchy of pausing motifs
(Peil et al., 2013; Starosta et al., 2014a; Woolstenhulme et al., 2015). Depending on the amino acid
context upstream (-1 and -2) and downstream (+1) of a polyproline matif, it can trigger ribosome stalling
more frequently (Peil et al., 2013; Starosta et al., 2014a; Woolstenhulme et al., 2015). Classification of
all XPPX motifs as weak, moderate or strong ribosome stallers can predict how important the EF-P

rescue system is for production of a given protein according to the amino acid sequence (Qi et al., 2018).

1.4.2 General structure and interactions with the ribosome

The structure of EF-P consists of three B-barrel domains with an overall L-shape similar to a tRNA
(Hanawa-Suetsugu et al., 2004). While EF-P domain | is topologically the same as the domain N of
e/alF5A, the domain Il and Il share the same topology of the e/alF5A C domain, indicating that domain

Il and Il arose in bacteria from duplication (Figure 1.4) (Hanawa-Suetsugu et al., 2004).
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Figure 1.4 — EF-P structure similarity between (A) Eukarya elF5A from Homo sapiens (Uniprot Q61S14),
(B) Archaea alF5A from Sulfolobus acidocaldarius (GenBank CAA44842) and (C) Bacteria EF-P from
E. coli (GenBank, AP_004648). Pointed by arrows, the conserved lysine found at a tip of the active
B2QB3 loop. elF5A and EF-P domains are indicated. Adapted from (Greganova et al., 2011).

Crystal and cryo-EM structures of the EF-P from T. thermophilus and E. coli in complex with the
ribosome show that EF-P binds at the E-site, with its domain | located next to the acceptor stem of the
P-site tRNA. The domain Il of EF-P binds adjacent to the anticodon stem-loop of the P-site tRNA, while
domain Il interacts with the highly conserved ribosomal protein L1 (Blaha et al., 2009; Huter et al., 2017)
(Figure 1.5). The ribosome-binding dynamics of EF-P and sucrose gradient centrifugation suggests that
it binds to ribosomes during most elongation cycles, however binding is transient (Mohapatra et al.,
2017; Naganathan et al., 2015).

50S

EF-P

P-tRNA

Figure 1.5 — Cryo-EM reconstitution of PPP-stalled ribosome complexes with EF-P. Ribosome subunit
30S (yellow) and 50S (gray), A-tRNA A-site tRNA, P-tRNA P-site tRNA, L1 ribosomal protein L1 and
NC nascent peptide-chain. Adapted from (Huter et al., 2017).
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The active site of EF-P locates in a loop region connecting two -strands 2 and 3 in domain | (B2Qf3
loop). It interacts with the acceptor arm of the P-site tRNA and protrudes a conserved positive charged
amino acid residue at position 32 (either lysine or arginine) into the catalytic pocket of the peptidyl-
transferase reaction of the ribosome (Huter et al., 2017). The activity of EF-P in all bacteria investigated
thus far, as well as in its eukaryotic and archaeal orthologs, is dependent of an unusual post-translational
modification (PTM) that extends the side-chain of the amino acid at position 32 and allows increased
interaction with the CCA end of the P-site tRNA (Hummels and Kearns, 2020; Huter et al., 2017; Lassak
et al., 2016).

1.4.3 Activation by post-translational modification

While both e/alF5A are modified by a unique post-translational modification — hypusinylation of lysine
40/50, bacteria have evolved several ways to modify EF-P (Figure 1.6). y-Proteobacteria, including
Escherichia coli, Salmonella enterica and 29% of all other reference genomes encode the modification
enzymes EF-P-(R)-B-lysine ligase EpmA (Roy et al., 2011; Yanagisawa et al., 2010) and L-lysine 2,3-
aminomutase EpmB (Yanagisawa et al., 2010) to B-lysinylate EF-P. Only 13% of these bacteria co-
encode the EF-P hydroxylase EpmC responsible for the last step in this modification. However, the
hydroxyl group added by this enzyme was shown to have a negligible effect on EF-P activity in E. coli
(Peil et al., 2013; Peil et al., 2012).

Another EF-P subfamily is found in B-proteobacteria and some y-proteobacteria (9% of all bacteria), in
which lysine is replaced by arginine and the latter undergoes rhamnosylation catalyzed by the arginine

rhamnosyltransferase EarP (Lassak et al., 2015).

Bacillus subtilis, Staphylococcus carnosus and other members of the Firmicutes encode the EF-P
modification enzyme Ymfl (4.5% of all bacteria). This enzyme catalyzes the reduction of EF-P-5-
aminopentanone to EF-P-5-aminopentanol, the last step in the modification of EF-P in B. subtilis
(Hummels et al., 2017). The complete pathway of this modification is still unclear. For the other bacteria
with no homologous for any of those modification enzymes, the EF-P modification status is, so far, not

known.

Thus far, the cognate PTMs were found to be essential for EF-P activity, and deletion mutants lacking
one of the modification enzymes showed the same phenotypes as efp mutants, namely downregulation
of proteins containing XPPX motifs (Peil et al., 2013; Qi et al., 2018; Starosta et al., 2014a; Witzky et
al., 2018; Woolstenhulme et al., 2015), decreased fitness (Tollerson et al., 2018; Ude et al., 2013),
decreased pathogenicity (Klee et al., 2018; Lassak et al., 2015; Navarre et al., 2010) or cell death

(Yanagisawa et al., 2016). According to the affected proteins and pathways.
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Figure 1.6 — Phylogenetic tree of the bacterial EF-Ps and the known PTMs. (A) Known bacterial EF-P
subfamilies and their various post-translational modifications (PTMs). (B) Phylogenic tree of bacterial
EF-Ps. Dots highlight the distribution of enzymes required for the modification of EF-Ps: note the co-
occurrence of EpmA and EpmB (green), EarP (purple) and Ymfl (blue). The Actinobacteria EF-P
subfamily is marked in yellow. Bacterial species in which some features of EF-P function were previously
studied are indicated in bold type.

1.4.4 Mechanism of action

The mechanism of ribosome rescue by EF-P is inferred from structural studies — crystal and cryo-EM
structures of ribosome in complex with modified and unmodified EF-P or during translation of XPPX

motifs (Blaha et al., 2009; Huter et al., 2017) — and biochemical studies on amino acid residues essential
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for EF-P activity (Rajkovic et al., 2016; Ude et al., 2013; Volkwein et al., 2019). However, up to date, a

full range of motion of this rescue mechanism is still missing.

Translation of a XPPX motif requires a peptidyl-transferase reaction from the proline containing peptidyl-
tRNAP™ in the P-site, to the Pro-tRNA in the A-site (Figure 1.7A). If no functional EF-P is available, it
leads to peptidyl-tRNA drop off and release of truncated proteins (Figure 1.7B). Due to amino acid
proline structure, this transferase reaction causes a steric clash between the nascent peptide and the
ribosomal 50S unit tunnel wall, specially residue G2061, impeding the accommodation of the A-site
tRNA (Figure 1.7C) (Huter et al., 2017; Ude et al., 2013).

If EF-P is available, it binds to the stalled ribosomes in the E-site region and stabilizes the peptidyl-tRNA.
This biding is facilitated by contacts with the ribosomal L1 protein (Figure 1.7D). Interactions of the
B2QB3 loop with the acceptor arm, and the modified K32 with the CCA end of the P-site tRNAP™ force
the prolines to adopt an alternative conformation that passes into the ribosomal exit tunnel (Figure 1.7E).

Optimal geometry is achieved and peptide bound formation can occur (Figure 1.7F) (Huter et al., 2017).

drop-off and/or
rescue

P-tRNA

A-tRNA Nc

Figure 1.7 — Proposed EF-P mechanism of action on polyproline-stalled ribosomes. In detalils:
ribosomes stall during translation of proteins containing polyprline motifs leading to (A) destabilization
of the peptidyl-tRNA in the P site (B) Culminating in drop off due to (B) Steric clash between the prolines
in the nascent peptide and the residue G2061 of the ribosomal 50S-subunit tunnel wall impeding
accommodation od the A-site tRNA and further peptide bound formation (D) EF-P binds to ribosomes
in the E-site region and stabilizes the peptidyl-tRNA. This binding is facilitated by contacts with the
ribosomal L1 protein, P-site tRNA and E-site codon. (E) Interactions of the 2QB3 loop and the modified
K34 ¢(R)-B-lysyl-hydroxylysine with the CCA end of the P-site tRNAPro forces the prolines to adopt an
alternative conformation that passes into the ribosomal exit tunnel. (F) Optimal geometry is achieved,

and peptide bound formation can occur. Adapted from (Huter et al., 2017).
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The proposed EF-P mechanism, however, fails to answer questions raised by some experimental
datasets. For example, how EF-P acts in the maintenance of codon fidelity and what is its connection
with ribosomal protein L9 (Gamper et al., 2015; Naganathan et al., 2015); What are the interaction
residues between the P-site tRNA and the distinct PTM-molecules that activate EF-P? If a PTM is
essential, how can overexpressing unmodified EF-P be enough to promote translation of proteins
containing XPPX motifs? (Volkwein et al., 2019); How can the amino acid substitution K32R not cause
the same phenotypes observed in the mutant K32A, once both inhibit PTM? (Hummels et al., 2017); Is
it possible to have a fully active EF-P that does not require PTM? Overall, we are still in the very

beginning of fully understanding all aspects of EF-P in bacteria.

1.5 EF-Pin Actinobacteria

Not much is known thus far about EF-P proteins in Actinobacteria. Previous studies on Mycobacterium
tuberculosis strains linked upregulation of efp as part of an antibiotic resistance mechanism against
ofloxacin (Lata et al., 2015); Downregulation was identified under nutrient limitation (Betts et al., 2002);
Saturating transposon mutagenesis studies suggested that efp is an essential gene for this bacterium
(DeJdesus et al., 2017; Sassetti et al., 2003).

Regardless of the relevance of Actinobacteria in human health and biotechnology, the nature of the
post-translational modification that activates EF-P as well as global effects of this elongation factor in

any member of this phylum is not yet investigated.

1.6 Scope of the thesis

EF-P has a crucial role on the translation of proteins containing XPPX motifs. The function of EF-P relies
on an unusual post-translational modification at the conserved amino acid residue K32. The main scope
of this thesis is to unravel the post-translational modification of EF-P, as well as the mechanism of action
in members of the phyla Actinobacteria. Specific effects of EF-P on proteome homeostasis and
physiology should also be investigated, as Actinobacteria genomes encode one of the highest

frequencies of polyproline motifs among bacteria.
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2 Results

The amino acid sequences of Actinobacterial EF-P proteins share high identities, clustering them apart
of other EF-P sequences in the protein phylogenetic tree (Introduction, Figure 1.6). Thus far, besides
the medical and economic importance of this group, neither the post-translational modification status
nor the physiological relevance of EF-P in this bacterial phylum is known. By using C. glutamicum and
S. coelicolor as a model organism for EF-P structure, function and actinobacterial physiology, we answer

those questions and open a new research pathway towards biotechnological applications.

2.1 Global effect of EF-P in C. glutamicum

Strength and number of XPPX motifs in a proteome indicate how important EF-P activity is for the
individual bacterial species. Previous studies have investigated the PTM status of EF-P primarily in three
species: E. coli (Roy et al., 2011; Yanagisawa et al., 2010), S. oneidensis (Lassak et al., 2015) and B.
subtilis (Rajkovic et al., 2016). Of these, E. coli is the one with most XPPX maotifs. In total, 2101 XPPX
motifs are present in its proteome, corresponding to 0.49 per protein encoded (Qi et al., 2018). S.

oneidensis and B. subtilis encode 0.38 and 0.28 motifs per protein, respectively (Table 2.1).

Table 2.1 — Bacterial strains for which the EF-P PTM-enzymes are studied in detail. The polyproline
motifs (XPPX) were classified according to their stalling strengths (Qi et al., 2018). A ratio
(motifs/proteins) was calculated by dividing the total number of XPPX motifs by the total number of

proteins encoded by each strain.

Number of XPPX motifs
Strain Proteome ID Proteinsencoded @ Weak  Moderate Strong Motifs/Proteins
Escherichia cok12 MG1655 UP000000625 4291 1169 447 485 0.49
Shewanella oneidensi¥IR-1 UP000008186 4068 869 371 313 0.38
Bacillus subtilisl68 UP000001570 4260 605 280 329 0.28

The proteome of the most prominent Actinobacteria was downloaded and had the number of XPPX
motifs determined, revealing a strikingly large number of them (Table 2.2). In M. tuberculosis, S.
coelicolor and Nocardia farcinica the number of polyproline motifs exceeds the number of encoded
proteins (Table 2.2).
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Table 2.2 — Total number and frequency of polyproline motifs (XPPX) classified according to their

stalling strengths in different species of Actinobacteria.

Number of XPPX motifs
Proteins Frequency
Actinobacteria strain ProteomeID encoded Weak Moderate Strong Motifs/Proteins
Corynebacterium glutamicurhTCC13032 UP000000582 3093 751 347 380 0.48
Corynebacterium diphtheriaélCTC13129 UP000002198 2265 595 298 303 0.53
Mycobacterium smegmati$/C2 155 UP000000757 6602 2491 1292 2555 0.96
Mycobacterium lepra€lN UP000000806 1603 622 298 556 0.92
Mycobacterium tuberculosisi37Rv UP000001584 3993 1826 996 1854 1.17
Streptomyces coelicolok3(2) UP000001973 8038 3508 1807 3406 1.08
Bifidobacterium bifidumS17 UP000006869 1783 412 218 205 0.47
Bifidobacterium longumNCC2705 UP000000439 1725 382 225 221 0.48
Bifidobacterium animalisubsp. lactis AD0O11  UP000002456 1525 345 186 166 0.46
Gardnerella vaginaliATCC14019 UP000001453 1365 231 126 99 0.33
Mobiluncus curtisiiATCC43063 UP000006742 1904 636 348 381 0.72
Nocardia farcinicdFM10152 UP000006820 5941 2583 1365 2333 1.06

Besides the control by EF-P, the relative amount of an XPPX-containing protein synthesized depends
on the rate of translational initiation and the location of the stalling motif(s) it contains (Ude et al., 2013;
Woolstenhulme et al., 2015). In addition, transcriptional regulators may contain XPPX motifs, so that
levels of proteins that lack stalling motifs could still be indirectly controlled by EF-P. Therefore, to assess
the global effect of EF-P on the proteome of a well-investigated member of Actinobacteria, a efp deleted
mutant of C. glutamicum ATCC13032 was constructed and had its proteome compared to that of the
parental strain. The analysis of four independent replicates covered 1604 out of 3093 proteins described
for the reference strain. In all, 222 proteins were downregulated (P value <0.05). As expected, the most
markedly downregulated proteins contain XPPX motifs in their sequences (Figure 2.1A, yellow marked
proteins). The overall intensity of proteins containing polyproline motifs was reduced as well (Figure
2.1B, in blue), and proteins containing strong stalling XPPX motifs have the lowest relative intensity
among them (indicated in yellow in Figure 2.1B).

Functional classification of the downregulated proteins revealed seven groups of proteins that were
significantly overrepresented (Figure 2.1C). Among them are enzymes associated with the biosynthesis
of amino acids, antibiotics and other secondary metabolites. This underlines the role of EF-P in the

production of these compounds in Actinobacteria.

The evolution of the EF-P rescue system is linked to an invariant proline triplet motif located in the active
site of Valine-tRNA synthetase (ValS), which is found in all domains of life (Starosta et al., 2014b). In C.
glutamicum, as well as in E. coli, ValS is one of the proteins most drastically downregulated when efp is
deleted. Cgl1117 is a predicted glycosyltransferase that is homologous to the E. coli glycogen synthase
GlgA, and includes two strong XPPX maotifs. It was found to be the most strongly downregulated protein
in our proteomic analysis with a 15.4-fold reduction in its steady-state level relative to the efp* strain

(Figure 2.1A). This result of the MS analysis was confirmed by testing the level of the chromosomally
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encoded Cgl1117-eGFP fusion protein in the efp mutant (Figure 2.1D). Overall, the impact in the
downregulation of proteins containing XPPX motifs observed here is fully compatible with previous
proteomic analyses of E. coli and other bacterial species lacking efp or one of its post-translational

modification enzymes.
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Figure 2.1 — Proteomic analysis of C. glutamicum Aefp strain. (A) Heat map representation of the 25
most severely down-regulated proteins in the Aefp mutant relative to the C. glutamicum wild type. The
fold changes in the four independent replicates are represented by the color gradient. Proteins marked
in yellow contain polyproline motifs. EF-P itself as the most markedly downregulated protein is not shown

on the heat map. (B) Scatter-plot of protein fold-change ratio (log2-transformed) relative to the summed
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protein intensity of all biological replicates of the Aefp strain, including density plots showing the
distribution of proteins with strong stalling XPPX motifs (yellow) relative to all XPPX-containing proteins
(blue) and all proteins (gray). (C) Clustering of downregulated proteins according to the Kyoto
Encyclopedia of Genes and Genomes (KEGG) Pathway Database. The blue segments represent the
numbers of proteins containing XPPX motifs. Statistical significance was addressed with Fisher Exact
test, non-marked columns P < 0.05; **P < 0.01; **P < 0.0001. (D) Distribution of relative fluorescence
signals from 300 C. glutamicum cgl1117-egfp cells in efp* and efp strains. Dashed lines mark the

background fluorescence. Production of EF-P was confirmed by Western blot analysis.

2.2 Design of a reporter strain

To study molecular characteristics of the EF-P from several Actinobacteria, two reporter genes were
generated coding for the enhanced green fluorescent protein (eGFP), one with the strong stalling motif
RPPP and another with the non-stalling sequence RPAP upstream of the eGFP sequence. Both genes
were integrated chromosomally under the control of a constitutive promoter, and their expression was
tested in efp* and efp- C. glutamicum cells. As expected, while the RPAP-eGFP variant was synthesized
efficiently in both strains, RPPP-eGFP was barely detectable in the efp- mutant, revealing its strong
dependence on EF-P, and the fluorescence intensity of these cells was only slightly higher than the

background level (Figure 2.2).
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Figure 2.2 — EF-P enhances the translation of proteins containing polyproline motifs. (A) Single-cell
fluorescence microscopy of C. glutamicum reporters producing RPPP-eGFP in efp* and efp- strains.
Pictures were taken with a 500-ms exposure time. (B) Distribution of relative eGFP fluorescence signals
obtained from a minimum of 300 C. glutamicum cells expressing RPAP-eGFP and RPPP-eGFP,
respectively, in efp* and efp strains. The dashed line marks the background level of fluorescence.

Western blots reveal levels of expression of C. glutamicum EF-P.
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The activity of the his-tagged EF-P variant (connected by a short Arg-Ser linker, efpRS6xHis) was
measured using this reporter strain and compared with the activity of the untagged variant (efp"T)
sequence (Figure 2.3). No significant difference in EF-P activity was detected. Therefore, all
complementation assays and further Western blot detections of this protein could be done using his-
tagged variants.
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Figure 2.3 — Activity of tagged EF-Pcy (efpRS®His) and untagged (efp"") was compared using C.
glutamicum reporters as described in Figure 3. Boxplots represent the distribution of the relative
fluorescence of 300 cells expressing RPPP-eGFP measured with an exposure time of 500-ms.

Statistical significance via two-tailed Student’s t-test. ns non-significant.

2.3 A positive charge at position 32 is essential for EF-P activity

EF-P in C. glutamicum has a lysine (K32) at the tip of the loop which in other organisms is known to
undergo post-translational modification. In order to determine if K32 is important for EF-P activity, we
constructed several EF-P variants to alter the properties of the amino acid at this position. After that, the

activity of each variant was tested in the reporter strain described above.

Strains expressing various the substitutions K32A, K32E, K32M and K32Q were virtually unable to
support RPPP-eGFP translation. Surprisingly, the EF-PX32R variant enhanced RPPP-eGFP production
to almost the same degree as the wild type (Figure 2.4).

Replacement of the lysine by arginine preserves the positively charged side chain of the amino acid, but
nevertheless abolishes post-translational modification. Such amino acid substitution completely
inactivate EF-P of E. coli (Figure 2.5) and S. oneidensis (Lassak et al., 2015) abolishing the attachment
of a modification moiety. In B. subtilis, the substitution K32R abolishes post-translational modification

but do not bring deleterious effect on swarming, observed in the Aefp strain (Hummels et al., 2017).
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Figure 2.4 — Synthesis of RPPP-eGFP in C. glutamicum strains expressing EF-P variants with the
indicated amino acid replacements at position 32. Relative fluorescence units (RFU) are shown. The
dashed line corresponds to background fluorescence. The area shown in grey marks the range of

fluorescence measured in the negative control (-efp).
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Figure 2.5. Activity of E. coli EF-P proteins. Amino acid replacements at the conserved lysine34 abolish
EF-P activity in E. coli in presence or absence of the PTM-enzyme EpmA. E. coli reporter strain for EF-
P activity as previously described (Ude et al., 2013). Mean and standard deviation were calculated from

four independent replicates.

2.4 Development of a protocol for native EF-P purification

The high activity of the EF-PX32R variant prompted the question whether C. glutamicum EF-P (EF-Pcg)
actually requires post-translational modification for activation. For this, it was essential that the native
protein was purified and used for analytical steps, thus circumventing problems caused by low activity

of PTM enzymes or substrate limitation triggered by protein overexpression.

18



Results

The initial idea was to create a simple protocol to purify native EF-P from different Actinobacteria
following a series of chromatographies in which EF-P proteins from different species would be enriched
and eluted always in the same fraction. The native EF-P purification protocol set up involved the
cultivation of cells until mid-exponential growth phase, suspension in lysis-buffer [Triethanolamine
20mM] to a final concentration of 0.2g/mL, cell lysis and EF-P enrichment by ion-exchange
chromatography (IEC) [Mono-Q 8mL, GE Healthcare. Conditions: 4mL min1, 0 — 1M KCI, total 40
fractions of 2mL], followed by size-exclusion chromatography (SEC) [Superdex 200, GE Healthcare.

Conditions: 1mL min-1, 0.5 mL fractions] of the EF-P-richest fraction.

To validate this protocol, the native EF-P from three different bacterial species was purified: E. coli (EF-
Pec, Figure 2.6), S. oneidensis and B. subtilis (Table 2.3). The selection of those bacteria was due to
the availability of antibodies that could specifically bind to the EF-P proteins from those species and
allow detection via Western blot. The protein purifications were carried out resulting in EF-P enriched
fractions with purity up to 95% (Figure 2.6C, Table 2.3).
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Figure 2.6 — Purification of native EF-Pgc using the method described here. (A) Trichloroethanol (TCE)
stained SDS-polyacrylamide gel and Western blot detection of EF-Pg¢ of protein fractions obtained by
IEC. (B) TCE stained SDS-polyacrylamide gel and Western blot of the protein fractions obtained after
SEC of the fraction number 13 obtained in the previous step. (C) Sensitive silver staining of an SDS-

page after elution of 10pL of the SEC-fraction number 19.

Although very efficient for native EF-P purification, the chromatographic method showed unpredictability

in the EF-P-enriched fractions between bacterial species, been impossible to tell which exact fraction
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EF-P from different bacteria will be eluted (Table 2.3). To isolate the native EF-P from Actinobacteria
using this method, it was necessary that an antibody suitable for detection was available. Our antibody
collection against native EF-P from E. coli (1:10,000), S. oneidensis (1:5,000), B. subtitilis (1:1,000) and

Thermus thermophilus (1:1,000) were unable to detect native EF-Pcq.

Table 2.3 — Native EF-P from different bacteria could be purified using the method described here.

Lysate Inicial mass IEC fraction  SEC fractions Concentration (in 0.5 Purity

mL)
E. coli K12 MG1655 400mg 13-14 17-21 3.1 mg mL? 95%
S. oneidensis MR-1 400mg 17-19 9-15 2.2mg mL? 90%
B. subtilis 168 400mg 15 13-16 1.5 mg mL? 92%

A histidine-t