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Nomenclature 
 

Amino acids identifiers are given in the three-letter code followed by the position within the 

primary sequence (for example Arg32). The numbering of amino acids within a protein starts 

with “1” at the first methionine/valine of the wild-type protein. 

Antibodies are abbreviated with “anti-“ followed by the antigen (for example anti-ArgRha). 

 

Abbreviation 
 

AAH   AIDA‐associated heptosyltransferase  

AGE   advanced glycated end products 

CAP   catabolite activator protein 

CMP   cytidine monophosphate 

EarP EF-P arginine 32 rhamnosyltransferase essential for post-translational 

activation 

EF-P   elongation factor P 

eIF5A   eukaryotic translation initiation factor 5A 

EPEC   enteropathogenic E. coli 

EPS   exopolysaccharides 

ER   endoplasmic reticulum 

F-Asn   fructoseasparagine 

Frk   fructoselysine 

Frk-6P   fructoselysine-6-phosphate 

Gal   galactose 

GalNAc  N-acteylgalactoseamine 

GDP   guanosine diphosphate 

Glu   glucose 

GT   glycosyltransferase 



VII 
 

LLO   lipid-linked oligosaccharide 

LPS   lipopolysaccharide  

Man5GlcNAc2  mannopentaose-di-(N-acetyl-D-glucosamine) 

ncAA   non-canonical amino acid 

OST   oligosaccharyltransferase 

PTM   post-translational modification 

PylRS   pyrrolysyl-tRNA synthetase 

Rha   rhamnose 

RBPs   rhamnose binding proteins 

PylRS/tRNACUA pyrrolysine tRNA synthetase‐tRNA pair  

TDP   thymidine diphosphate 

TMP   thymidine monophosphate 

TTP   thymidine triphosphate 

TNFR1  tumor necrosis factor receptor 1 

UDP    uridine diphosphate 

UTP   uridine triphosphate 

UDP-DATDH  UDP-2,4-diacetamido-2,4,6-trideoxyhexose 

UDP-GATDH  UDP-2-glyceramido 4-acetamido-2,4,6-trideoxyhexose 

UndP   undecaprenyl pyrophosphate 
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Zusammenfassung 

 

Die Modifikation von Proteinen mit Kohlenhydraten ist in allen Domänen des Lebens verbreitet 

und an einer Vielzahl von zellulären Prozessen beteiligt. Die bakterielle Glykosylierung wird 

meist im Zusammenhang mit Pathogenität und Virulenz beschrieben. Kürzlich wurde gezeigt, 

dass eine N-glykosidische Verknüpfung einer einzelnen L-Rhamnose-Einheit mit Arginin die 

Funktion des zytosolischen Translationselongationsfaktors P (EF-P) kontrolliert. EF-P war das 

erste Beispiel für ein zytosolisches bakterielles N-Glykoprotein. Das wirft die Frage auf, wie 

verbreitet die Protein-Monoglykosylierung in Bakterien ist. Angesichts des großen Interesses 

an glykosylierten Wirkstoffen ist es auch wichtig, die Substratspezifität der EF-P-

Rhamnosyltransferase EarP zu verstehen. Dadurch kann EarP als potenzielles Werkzeug für 

synthetische Proteinglykosylierung etablieren werden.  

Um die Verbreitung der Protein-Monorhamnosylierung zu untersuchen, generierten wir neue 

Rhamnose-spezifische Antikörper für proteomische Studien. Diese Anti-SerRha-, Anti-ThrRha- 

und Anti-AsnRha-Antikörper wurden unter Verwendung synthetischer Glykopeptide hergestellt 

und führten zum Nachweis von Protein-Monorhamnosylierung in verschiedenen 

Mikroorganismen, darunter sowohl membrangebundene als auch zytosolische Proteine. 

Parallel dazu analysierten wir den weit verbreiteten Biosyntheseweg des Nukleotidzuckers 

dTDP-β-L-Rhamnose (TDP-Rha), der das Donorsubstrat bei der Protein-Rhamnosylierung 

darstellt. Unter Verwendung einer Genbibliothek und eines bioinformatischen Ansatzes haben 

wir nach alternativen Biosynthesegenen gesucht und zwei Paraloge der dTDP-4-Keto-6-

Desoxy-D-Glucose-Epimerase in Pseudomonas putida identifiziert, die beide den vorletzten 

von vier Schritten der TDP-Rha-Biosynthese katalysieren. Zusammengenommen sind diese 

Daten von großem Interesse für die Bekämpfung bakterieller Infektionskrankheiten, 

insbesondere im Hinblick auf ihren Einfluss auf die Pathogenität. 

Wir untersuchten die Möglichkeit, synthetische Proteinglykosylierung mit Hilfe der 

Rhamnosyltransferase EarP durchzuführen, indem wir die Spezifität des Enzyms in Bezug auf 

seine Akzeptor- und Donorsubstrate testeten. Der Akzeptor wurde als strukturelles Motiv 

identifiziert, das eine Sequenzvariation erlaubt. Das Motiv wurde sowohl in vitro, bestehend 

aus einem zyklischen Peptid, als auch in vivo, wobei wir die Kernakzeptorstruktur künstlich an 

Modellproteine wie mCherry fusionierten, effizient modifiziert. Damit wurde die gerichtete 

Modifikation von nicht-kognitiven Zielen demonstriert. Untersuchung der 

Donorsubstratspezifität ergab, dass EarP Substrate binden kann, die strukturell TDP-Rha 

ähnlich sind, insbesondere mit Variationen im Nukleotidteil. Diesbezüglich deuteten 

Inhibitorstudien darauf hin, dass das Enzym in der Lage sein sollte, UDP-aktivierte Zucker für 

den Transfer zu nutzen. Zusammengenommen legen unsere Analysen die Grundlage, EarP 
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zu einer Glykosynthase für die synthetische Proteinglykosylierung im Zytosol prokaryotischer 

Zellen umzubauen. 

Die synthetische Glykosylierung mit Hilfe von Glykosyltransferasen ist nur eine Möglichkeit, 

Glykoproteine in einem bakteriellen Expressionssystem zu erzeugen. Ein weiterer Ansatz ist 

die co-translationale Insertion durch Ambersuppression mit dem orthogonalen Paar von 

tRNACUA und tRNACUA -Synthetase. Dieser Ansatz wird jedoch durch die gehemmte Aufnahme 

von glykosylierten Aminosäuren behindert. Eine Ausnahme ist Fructose-Lysin (FrK), das von 

Escherichia coli katabolisiert wird. Da die molekularen Details nicht vollständig aufgeklärt sind, 

untersuchten wir den Abbau von und die Regulation des Metabolismus von FrK. In diesem 

Zusammenhang identifizierten wir einen FrK-P spezifischen Repressor FrlR, der im 

Zusammenspiel mit dem alternativen Sigmafaktor RpoH und dem Katabolit-Aktivatorprotein 

CRP die Expression des frlABCD-Operons vermittelt. Neben den FrK abbauenden Enzymen 

FrlBCD ist die Permease FrlA kodiert, die vermutlich für die Aufnahme des Aminozuckers 

verantwortlich ist. Die Charakterisierung der Transportfähigkeiten von FrlA könnte letztlich 

dazu beitragen die Barriere zu überwinden, die derzeit die Evolution der tRNA-Synthetasen in 

Richtung glykosylierter Aminosäuren verhindert.  
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Summary 

 

Protein modification with carbohydrates is common in all domains of life and involved in a 

variety of cellular processes. Bacterial glycosylation is mostly described in the context of 

pathogenicity and virulence. Recently, a N-glycosidic linkage of a single L-rhamnose moiety to 

arginine was shown to control the function of the cytosolic translation elongation factor P  

(EF-P). It was the first example of a cytosolic bacterial N-linked glycoprotein raising the 

question how common protein mono-glycosylation in bacteria might be. Given the great 

interest in glycosylated biologicals, it is also important to understand the substrate specificity 

of the EF-P rhamnosyltransferase EarP as potential tool in glycoengineering.  

To investigate the distribution of protein mono rhamnosylation we generated new rhamnose-

specific antibodies for proteomic studies. These anti-SerRha, anti-ThrRha and anti-AsnRha 

antibodies were produced using synthetic glycopeptides and led to the detection of protein 

monorhamnosylation in various microorganisms including both membrane-bound and 

cytosolic proteins. In parallel, we analysed the widely distributed biosynthesis pathway of the 

nucleotide sugar dTDP-β-L-rhamnose (TDP-Rha), which is the donor substrate in protein 

rhamnosylation. Using a genomic library and a bioinformatical approach, we screened for 

alternative biosynthesis genes and identified two paralogs of the dTDP-4-keto-6-deoxy-D-

glucose epimerase in Pseudomonas putida, both catalysing the third of four steps in TDP-Rha 

biosynthesis. Together, these data are of great interest for combating bacterial infectious 

diseases especially when looking at their impact on pathogenicity.  

The glycoengineering capabilities of the rhamnosyltransferase EarP were investigated by 

testing the enzyme’s specificity with respect to its acceptor and donor substrates. The acceptor 

was identified as structural strand-loop-strand motif allowing for sequence variation. Efficient 

modification of this motif was shown in vitro, constituted by a cyclic peptide, and in vivo, where 

we artificially fused the core acceptor structure to model proteins such as mCherry, thus 

demonstrating directed modification of non-cognate targets. Investigation of the donor 

substrate specificity revealed that EarP can bind substrates structurally similar to TDP-Rha, 

especially with variations in the nucleotide moiety. In this regard, inhibitor studies indicated that 

the enzyme should be capable of utilizing UDP-activated sugars for transfer. Together, our 

analyses lay the basis to convert EarP into a glycosynthase for synthetic protein glycosylation 

in the cytosol of prokaryotic cells. 

Glycoengineering with the help of glycosyltransferases is only one possibility to generate 

glycoproteins in a bacterial expression system. Another approach is the co-translational 

insertion by amber suppression with an orthogonal pair of tRNACUA and tRNACUA -synthetase. 
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However, this approach is hampered by impaired uptake of glycosylated amino acids. A 

literature screen revealed the exception of fructose lysine (FrK) which is catabolized by 

Escherichia coli. Since the molecular details are not fully understood, we assessed the 

degradation of and regulation towards FrK. In this regard, we identified a FrK-P specific 

repressor FrlR which mediates the expression of the frlABCD operon in interplay with the 

alternative sigma factor RpoH and the catabolite activator protein CRP. Beside the FrK 

degrading enzymes FrlBCD we recognized a permease FrlA which is presumably responsible 

for the uptake of the amino sugar. Characterizing the transport capabilities of FrlA will ultimately 

help to overcome the barrier that currently prevents the evolution of tRNA synthetases towards 

glycosylated amino acid.
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1 Introduction 

1.1 Glycobiology 

 

Saccharides (also called carbohydrates, glycans or sugar) are widely distributed in nature and 

have numerous functions in living organism. The science of glycobiology investigates the 

structure, biosynthesis, biology, and evolution of saccharides (1). During the last decades, the 

field of glycobiology was growing rapidly (2, 3). Initially, saccharides were considered more as 

a source of energy or as structural materials (for example cellulose). Today, it is known that 

saccharides play an important role in diverse processes within the cell making them relevant 

to biomedicine, biotechnology, and basic research.  

Monosaccharides are the simplest form of carbohydrates with a carbonyl group at the end of 

the carbon chain (aldehyde group) or at an inner carbon (ketone group) (1). Oligosaccharides 

are linear or branched chains of monosaccharides which are linked via glycosidic linkages. 

These linkages are formed via hydroxyl groups of the saccharide. When more than one 

hydroxyl group within one saccharide forms a glycosidic linkage, branched glycans arise (4). 

A glycan attached to a macromolecule is called a glycoconjugate (for example glycoproteins). 

The stereochemistry of a given glycosidic linkage can have a severe impact on structural 

properties and biological functions. However, glycans and glycoconjugates are not encoded 

by the genome as it is the case for protein sequences. They are secondary gene products and 

are typically assembled and attached to proteins and lipids by enzymes, a process called 

glycosylation. Nevertheless, non-enzymatic and hence spontaneous and uncontrolled 

reactions are known and described by glycation.  

Together with the great diversity of monosaccharides in nature, this results in a huge 

complexity of possible glycan structures (5). By this, glycans contribute to the enormous 

biological complexities with simultaneously relatively small numbers of genes in genomes (1, 

3). In line with this, there is a huge amount of genes that encode for proteins that are involved 

in glycan biosynthesis, degradation, or transport (for instance around two percent of the human 

genome) (6). Therefore, glycans have been postulated to be one of the fundamental 

macromolecular components defined so far as nucleic acids (including DNA and RNA), 

proteins, and lipids (7) as they seem to be essential to the existence of all known living 

organisms (8). 

To this day, great progress has been made in elucidating the evolution, formation, and function 

of different glycans in a variety of organisms. Particularly noteworthy are the latest 

developments in which glycans, glycoconjugates, and their corresponding enzymes become 

targets for next-generation therapeutics, vaccines, and diagnostics (9). In addition to that, the 
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field of synthetic glycobiology expands where glycosylation systems are redesigned to obtain 

defined glycosylation structures on proteins for diverse applications in medicine, materials, and 

diagnostics (10). Interestingly, bacterial and archaeal glycosylation seems to be far more 

diverse than eukaryotic (11). Hence, it is postulated that microorganisms play a key role in 

glycobiology (12). 

In this thesis, different aspects of bacterial protein glycobiology will be investigated. We will 

examine the distribution, the substrate specificity, and biosynthesis of the sugar donor 

substrate of a specific glycosylation process called protein rhamnosylation. Further, we will 

investigate the catabolism of glycated amino acids arising from glycation.  

 

1.2 Post-translational protein glycosylation 

 

Post-translational modifications (PTMs) are alterations of proteins occurring after protein 

biosynthesis at the ribosome. It is a ubiquitous paradigm for dynamic cellular response and 

signalling found in all domains of life (13). 15 out of the 20 common proteinogenic amino acids 

can be modified by the transfer of a chemical group (14). This can influence the maturation or 

enhance the capabilities of proteins (15). The most commonly found PTMs are methylation, 

acylation, phosphorylation as well as glycosylation.  

Protein glycosylation is the process whereby a glycan moiety is enzymatically transferred from 

an activated donor to an acceptor substrate (amino acid side chain within a polypeptide). In 

most cases, the glycan is covalently attached to the amid nitrogen atom of asparagine (Asn) 

residues (N-glycosylation) or the hydroxyl oxygen of serine (Ser) or threonine (Thr) residues 

(O-glycosylation) (16). The transfer is catalysed by glycosyltransferases (GTs). Based on the 

protein fold, these enzymes can be classified into four structural families: GT-A, GT-B, GT-C, 

and lysozyme-type (17). Most of the structurally analysed GTs exhibit either GT-A or GT-B fold 

(Fig. 1). These two folds can also be attributed to Leloir-type GT as they use nucleotide sugars 

as donor substrates. Both folds consist of two associated β/α/β domains. In GT-A fold enzymes 

(Fig. 1A), these two domains are closely associated and form a central open twisted β-sheet. 

The GT-B fold (Fig. 1B) is characterized by Rossmann-like β/α/β domains, but these are 

associated less tightly (18). The glycosyltransferase reaction can have two different outcomes: 

Inverted or retained conformation of the anomeric carbon atom of the saccharide. This 

stereochemical outcome is not determined by the overall GT fold as both structural families, 

GT-A and GT-B, comprise inverting and retaining members (18). 
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Figure 1: Structural overview of GT-A and GT-B glycosyltransferase folds. Ribbon diagrams of representative 
A) GT-A (SpsA from Bacillus subtilis, PDB: 1qgq) and B) GT-B fold (MurG from Escherichia coli, PDB: 1nlm) 
glycosyltransferases (helix: dark blue, Strand: light blue, coil: grey). The bound ligands are depicted as sticks 
(carbon: grey, phosphate: orange, oxygen: red, nitrogen: blue). Illustrations were generated with UCSF Chimera 
(19). 

According to the Carbohydrate Active Enzymes database (20) (CAZy, http://www.cazy.org/, 

specialist database providing genomic, structural and biochemical information on 

carbohydrate-active enzymes), 1-5 % of the predicted coding sequences of free-living 

organisms correspond to carbohydrate-active enzymes. The genomic distribution of GTs 

seems to be widespread in nature as archaeal, bacterial, and eukaryotic genomes show this 

ratio.  

 

1.2.1 Eukaryotic and bacterial protein glycosylation processes 

 

In eukaryotes, protein glycosylation was reported for the first time in 1938 (21, 22). Today we 

know that more than half of the eukaryotic proteins are glycosylated and that 90 % of these 

are N-glycosylated (23). Concomitantly with their folding, proteins are N-glycosylated in the 

endoplasmic reticulum (ER) (Fig. 2A). A generic polysaccharide (Mannopentaose-di-(N-acetyl-

D-glucosamine), Man5GlcNAc2) is transferred en bloc, mediated from a lipid carrier called 

dolichol‐pyrophosphate‐oligosaccharide which is located in the membranes of the ER. An 

oligosaccharyltransferase (OST) complex catalyses the transfer to an Asn residue that is part 

of a consensus peptide recognition sequence (sequon) Asn-X-Ser/Thr (where X represents 

any amino acid except proline) (24, 25). STT3 is the catalytic component of this nine-member 

OST complex (26). Several glycosidases and glycosyltransferases process the N-glycan, 

determining whether the polypeptide will be retained in the ER, transported along the secretory 

pathway, or dislocated across the ER membrane for degradation (27). N‐glycans assist the 

protein folding process and serve as a bar code that provides information on age and folding 
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status of the glycoproteins. This quality check prevents exit to the Golgi-apparatus of folding 

intermediates or misfolded glycoproteins (28).  

Eukaryotic O-glycosylation is less conserved but generally initiated in the Golgi-apparatus 

(partially in the ER) and starts with the attachment of a linking monosaccharide to a Ser or Thr 

residue (Fig. 2D) (29). The linking sugar is typically α-N-acetyl-D-galactosamine (GalNAc) 

(mucin-type) but others are described as well (30, 31). It is a sequential transfer, where the 

glycan is extended to form one of four common core structures (29). These core structures 

can subsequently be extended and result in diverse mature linear or branched O-glycans (32). 

The glycan is attached to tandem repeat domains of mucins without a specific recognition 

sequon by GalNAc transferases (29). 

 

Figure 2: Protein glycosylation processes in eukaryotes and bacteria. Overview of N-linked (A/B/C) and O-
linked glycosylation (D/E/F) strategies. A) In eukaryotic N-linked glycosylation, a generic polysaccharide 
(Man5GlcNAc2) is generated through sequential addition of nucleotide-activated sugars onto a lipid carrier in the 
endoplasmic reticulum. The glycan is flipped across the membrane, further processed to a 14-mer, and transferred 
en bloc to the growing polypeptide by an OST complex including the catalytic component STT3. B) Bacterial OST-
mediated N-linked glycosylation en bloc in Campylobacter jeuni is similar to the eukaryotic apart from further 
processing of the glycan after flipping. It takes place at the periplasm and the transfer is mediated by PglB. C) 
Heamophilus influenzae sequential N-linked glycosylation takes place in the cytosol. HMW1C transfers sugar 
moieties from nucleotide-activated sequentially to distinct sites of HMW1. Glycosylated HMW1 is shuttled into the 
periplasm and further to the outer membrane via the SEC pathway an HMW1B, respectively. D) Eukaryotic O-
linked glycosylation starts with the attachment of a linking GalNAc and is extended sequentially to common core 
structures (here core 2). Core structures are further processed, the whole process takes place in the Golgi-
apparatus. E) Bacterial OST-mediated O-linked glycosylation starts with the sequential addition of nucleotide-
activated sugars onto a lipid carrier. In Neisseria gonorrhoeae, a trisaccharide is assembled, flipped into the 
periplasm and transfered en bloc by PglO to the pilin polypeptide PilE. F) Bacterial sequential O-linked 
glycosylation takes presumably place at the cytoplasm–inner membrane interface. In C. jejuni, CMP-activated sugar 
moieties are transferred to flagellin subunit FlaA. Target amino acids and consensus sequences are depicted 
beneath the target site. Man: mannose, GlcNAc: N-acteylglucoseamine, Glc: glucose, diNAcBac: UDP-N,N'-
diacetylbacillosamine, GalNac: N-acteylgalactoseamine, Gal: galactose, Fuc: fucose, Sia: sialic acid, 
DATDH/GATDH: diacetamido-2,4,6-trideoxyhexose/ glyceramido 4-acetamido-2,4,6-trideoxyhexose, Pse: 5,7-
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diamino-3,5,7,9-tetradeoxynon-2-ulosonic acid, Leg: legionaminic acid. This figure was adapted and extended from 

Szymanski et al.(33) and Nothaft et al. (16). 

It has long been assumed that protein glycosylation is restricted to eukaryotes (16). But in 

1975, the first O-glycosylation in bacteria was described: The cell surface S-layers (34, 35). 

Until today, different bacterial O-glycans were found and O-glycosylation in bacteria can be 

divided into two processes: Sequential (Fig. 2F) and block transfer (Fig. 2E) (16).  

The sequential transfer is similar to the eukaryotic O-glycosylation, where nucleotide-activated 

sugars are added individually to surface exposed Ser or Thr residues (Fig. 2F). The process 

is assumed to occur at the cytoplasm–inner membrane interface (16). A well-studied example 

for this mechanism is the flagellar protein of Campylobacter jejuni. Here, CMP-activated sugars 

are attached to the flagellin subunit FlaA by the glycosyltransferase GTase. The glycosylation 

of the flagellar proteins is important for their assembly (16, 33).  

Studies on Neisseria and Pseudomonas species have revealed a new mechanism of O-

glycosylation: The block transfer (Fig. 2F) (36-39). Here, preassembly of sugars onto lipid 

carriers was observed which are then transferred en bloc to Ser or Thr residues by an OST. 

This mechanism seems to occur especially in gram-negative bacteria. In N. gonorrhoeae for 

example, UDP-GlcNAc is converted into uridine diphosphate (UDP)-2,4-diacetamido-2,4,6-

trideoxyhexose (UDP-DATDH) or UDP-2-glyceramido 4-acetamido-2,4,6-trideoxyhexose 

(UDP-GATDH) and transferred onto the lipid carrier undecaprenyl pyrophosphate (UndP) 

(involved enzymes: pilin glycosylation D (PglD), PglC and PglB/PglB2, respectively). Further 

GTs (PglA and PglE) add Gal residues to complete the UndPP-linked trisaccharide. 

Afterwards, the lipid-linked oligosaccharide (LLO) is flipped into the periplasm (PglF) and 

attached to a Ser residue of the pilin polypeptide PilE by the OST PglO (11, 40, 41). 

Bacterial N-glycosylation was first described in 2002 in C. jejuni (42). OST-mediated 

glycosylation in C. jejuni is considered as a prototype for bacterial en bloc N-glycosylation (Fig. 

2B). Starting from UDP-GlcNAc, UDP-diNAcBac is formed by the enzymes PglF, PglE, and 

PglD. The sugar residue is transferred to an UndP carrier by PglC. The LLO is subsequently 

elongated by the action of PglA, PglJ, and PglH and flipped into the periplasm by PglK. In the 

last step, the glycan is transferred en bloc by the OST PglB to an Asn residue present in the 

protein consensus sequence Asp/Glc-X1-Asn-X2-Ser/Thr (X1 and X2 represent any amino 

acid except proline) (16, 40, 43). 

Besides the transfer en bloc, another type of N-glycosylation was discovered in bacteria: the 

sequential transfer in Haemophilus influenzae (Fig. 2C) (44, 45). The high-molecular-weight 

adhesin 1 (HMW1) is glycosylated at multiple Asn residues embedded in the eukaryotic-like 

sequon Asn-X-Ser/Thr (except one case) (44). The glycosylation takes place in the cytosol, 

where the GT HMW1C sequentially N-glycosylates HMW1 at 31 distinct sites (46). HMW1C 
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transfers Gal and Glc from nucleotide-activated donors and is able to mono- and diglycosylate 

the protein. Glycosylated HMW1 is shuttled into the periplasm via the Sec pathway and then 

tethered to the outer-membrane channel-forming β-barrel translocator protein, HMW1B (45).  

Taken together, there are four major glycosylation pathways (Fig. 2). The OST-mediated N-

glycosylation en bloc (eukaryotes and bacteria), the sequential cytoplasmic N-glycosylation 

(bacteria), the OST-mediated O-glycosylation en bloc (bacteria), and the sequential O-

glycosylation (eukaryotes and bacteria) (30). 

A major difference between eukaryotic and prokaryotic glycosylation is striking when 

comparing the sugar moieties found in the glycan structures. In eukaryotes, glycans used in 

glycosylation are built from nine nucleotide sugar donors: UDP-D-Glu, UDP-D-Gal, UDP-2-N-

acetyl-D-glucosamine, UDP-2-N-acetyl-D-galactosamine, GDP-D-mannose, GDP-L-fucose, 

UDP-D-glucuronic acid, UDP-dxylose, CMP-N-acetyl-neuraminic acid (sialic acid). Eukaryotes 

also have conserved oligosaccharides which are transferred from LLO to proteins 

(Man5GlcNAc2). Diversity in eukaryotic glycan structures mainly derives from variation in the 

linkages between glycan components, number and type of the saccharide (47). Compared with 

prokaryotes, this is a surprisingly low number: Prokaryotic glycans contain more than one 

hundred different saccharides (47-50). Due to this, a vast variation is possible. Here, the 

oligosaccharide portion is not conserved but in some cases a similar structure can be found 

(51). In fact, archaea are thereby thought to have the greatest structural variance (51-53).  

In general, glycosylation in eukaryotes is involved in many important processes in the cell: 

proper protein folding, cell adhesion, molecular trafficking and clearance, receptor activation, 

signal transduction, and endocytosis (54). Bacterial glycosylation is mostly described in the 

context of pathogenicity and virulence (33, 55). In some bacteria, it has been shown that 

colonization and virulence decrease significantly when glycosylation null mutants are created 

(52, 56, 57). Since surface-exposed proteins, which are important for bacterial motility and for 

colonization such as flagella (58), are very often glycosylated in bacteria, it is obvious that they 

are a target for therapeutics (11). However, since glycosylated proteins are also described in 

some non-pathogenic strains, glycosylation in bacteria seems not only to be associated with 

pathogenicity. It can therefore be assumed that glycosylation plays a far greater role in bacteria 

than previously supposed. 
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1.2.2 Protein rhamnosylation 

 

Rhamnose is a deoxyhexose saccharide and belongs to the unusual saccharides found in 

glycan structures (49, 59). The saccharide is incorporated in different bacterial cell 

compartments: Lipopolysaccharide (LPS) and exopolysaccharides (EPS) (60, 61), cell walls of 

gram-positive bacteria (62), and flagella (63, 64). Rhamnose is found in plants as well (65, 66) 

but is missing in higher eukaryotes (67). The saccharide occurs in two isomers: D and L-

rhamnose. The latter is much more common and widely found in bacteria (49).  

The activated form of L-rhamnose in bacteria, the nucleotide sugar dTDP-β-L-Rhamnose 

(TDP-Rha), is used as sugar donor in glycosylation reactions. The biosynthesis pathway of 

TDP-Rha (RmlBDAC) is ubiquitous and highly conserved in bacteria (Fig. 3A). The transferase 

RmlA (glucose-1-phosphate thymidylyltransferase), the first enzyme of the pathway, transfers 

a thymidylmonophosphate nucleotide to glucose-1-phosphate which is further oxidized by the 

dehydrase RmlB (dTDP-D-glucose 4,6-dehydratase) at the C4 hydroxyl group of the 

saccharide. The next step is an unusual double epimerisation reaction at positions C3 and C5, 

catalysed by the epimerase RmlC (dTDP-4-keto-6-deoxy-D-glucose 3,5-epimerase). The final 

product TDP-Rha is achieved by reduction of the C4 keto group by the reductase RmlD (dTDP-

4-keto-6-deoxy-L-mannose reductase) (67).  

Rhamnose moieties are also reported to occur in many pathogenic bacteria. In TDP-Rha 

deletions strains, it has been shown that the saccharide plays a major role in pathogenicity 

(68-72). Deletion of rmlB or rmlD in Vibrio cholerae for example led to defects in colonization 

(73). In Mycobacteria, it was even shown that TDP-Rha biosynthesis is essential, as rmlD 

could only be inactivated in M. smegmatis in the presence of a rescue plasmid carrying 

functional rmlD (74). Since TDP-Rha or the biosynthesis genes do not occur in humans, it 

makes it an interesting therapeutic target for targeting the tuberculosis pathogen M. 

tuberculosis (75).  

A very unusual post-translational glycosylation using TDP-Rha as substrate was discovered in 

2015 at the translation elongation factor P (EF-P) in Shewanella oneidensis (76) and 

subsequently confirmed in P. aeruginosa (77). EF-P, which is the ortholog of eukaryotic and 

archaeal initiation factor 5 (e/aIF5A), alleviates ribosomal pausing at polyproline motives (78-

82). The glycosylation of EF-P with rhamnose was found in about 10 % of the sequenced 

bacteria. They all have in common that they code for an arginine (Arg) residue at the tip of the 

protein (76). In another group (about 25 % of sequenced bacteria) including for example 

Escherichia coli, the post‐translational activation of EF‐P is ensured by transfer of a (R)‐β‐

lysine to a conserved lysine (Lys) residue at the tip of the protein (79, 83). The so called 
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rhamnosylation of EF-P was an unexpected finding as this was the first description of N-linked 

protein glycosylation on Arg in bacteria (76).  

 

Figure 3: dTDP-β-L-rhamnose biosynthesis and glycosylation mechanism of the rhamnosyltransferase 
EarP. A) TDP-Rha biosynthesis by RmlBDAC. The transferase RmlA transfers a thymidylmonophosphate 
nucleotide to glucose-1-phosphate, which is further oxidated by the dehydrase RmlB. The next step is a double 
epimerisation reaction catalysed by the epimerase RmlC. The final product TDP-Rha is achieved by a reduction 
catalysed by the reductase RmlD. B) Proposed glycosylation mechanism of the rhamnosyltransferase EarP from 
Pseudomonas putida. TDP-Rha donor (blue) binding occurs in the C-terminal domain of EarP (yellow) and is 
mediated by several amino acid residues in the binding pocket. The acceptor KOW-like N-domain of EF-P (green) 
is bound in the N-terminal domain of EarP. The nucleophilic attack onto the anomeric centre of TDP-Rha is 
facilitated by two catalytic amino acids by activating the Arg32 (R32) guanidinium of EF-P. Rhamnosylated EF-P is 
released and EarP is available for another cycle of rhamnosylation. This figure was adapted and extended from 
Lassak et al. (84). D: aspartic acid, F: phenylalanine, Y: tyrosine, Q: glutamine, R: arginine, EF-P: elongation factor 
P, EarP: EF-P arginine 32 rhamnosyltransferase essential for post-translational activation 

N-glycosylation on Arg were first described for sweetcorn and rice, and are not restricted to 

rhamnose. The results of the corresponding studies indicated auto-glycosylation of amylogenin 

and UDP-arabinopyranose mutase, respectively (85, 86). However, both datasets lack further 

studies on mechanism of transfer and activation (84). Finally, Arg glycosylation of tumor 

necrosis factor receptor 1 (TNFR1) and its downstream adaptors was uncovered in eukaryotes 

in 2013 (87, 88). The effector glycosyltransferase NleB1 from enteropathogenic E. coli (EPEC) 

is secreted via type III secretion system and transfers a GlcNAc moiety to a conserved Arg on 

the death domains of TNFR1 (TRADD). This blocks the death domain interactions and the 

assembly of the oligomeric TNFR1 complex, thereby disrupting TNF signalling in EPEC-

infected cells. TNF signalling is crucial for immune homeostasis, cell death, and inflammation 

and plays a major role in antimicrobial host response. By blocking these mechanisms via Arg 

glycosylation, the pathogen is able to evade the host immune response. Orthologues of NleB1 

and the paralog NleB2 (89) were found in Salmonella enterica: SseK1, SseK2, and SseK3 

(90). 
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EF-P rhamnosylation is unusual both in the targeted amino acid and in the cellular localization 

of the resulting glycoprotein. EF-P is modified by the GT EF-P arginine 32 

rhamnosyltransferase essential for post-translational activation (EarP) catalysing the transfer 

of a single sugar moiety from the activated nucleotide sugar TDP-Rha to the highly conserved 

Arg (Arg32 in P. putida) (76, 77, 91). The glycosylation takes place in the cytosol. The thereby 

activated EF-P protein facilitates the translation of polyproline motifs in the arrested ribosome. 

The location and type of glycosylation is similar to that of HMW1, with the difference that the 

glycoprotein is not translocated (76). Hence, EF-P is the only known example of a bacterial 

cytoplasmic N-linked glycoprotein. 

Further crystallographic and biochemical studies revealed details of the glycosylation 

mechanism (Fig. 3B) (91-94). At first, the donor substrate TDP-Rha is bound and oriented in 

the C-terminal domain of EarP which consists of two opposing Rossmann-like domains and 

adopts a GT-B fold (91). The acceptor EF-P is recognized and bound by the N-terminal EarP 

domain. Two aspartate (Asp) residues of EarP play an important role in facilitating the 

nucleophilic attack onto the anomeric center of TDP-Rha by activating the relatively inert Arg 

guanidinium of EF-P (91, 94). The glycosylation reaction results in the formation of α-

rhamnosylarginine characterizing EarP as an inverting GT (92). Finally, the glycosylated 

substrate is released from the active site making EarP available for another cycle of 

rhamnosylation (91, 93). 
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1.3 Glycation  

 

Contrary to glycosylation, glycation is a non-enzymatic process. Here, reducing sugars such 

as glucose and fructose are covalently attached to a free amino or guanidinium group of 

proteins, lipids and nucleic acids (95-101). The glycosylation process, known as Maillard 

reaction, can be divided into early and late stages (Fig. 4) (102-104). In the early phase, amino 

groups react with reducing carbohydrates, yielding Amadori and Heyns products (105, 106). 

In glycation of proteins, the reaction starts with a nucleophilic attack of the carbonyl group of 

the sugar by an ε-amino group of lysine or a guanidine moiety of arginine. The fast and highly 

reversible reaction results in a Schiff base which can undergo isomerization (Amadori 

rearrangement) and results in a ketoamine (Amadori product). Here, the reverse reaction is 

much slower than the formation leading to an accumulation of Amadori products (107). Further 

reaction, such as oxidation, fragmentation, condensation, reduction, dehydration, 

isomerization, and cyclization of the Amadori products is described in the late phase (84, 101, 

108). It results in stable, advanced glycation end-products (AGEs). Formation of the highly 

heterogeneous group of AGEs takes place in weeks or months and is irreversible. Three 

different categories of AGEs are defined according to their ability either to create cross-links 

on proteins or/and to show fluorescence: A) fluorescent cross-linking, B) non-fluorescent 

cross-linking and C) non-cross-linking AGEs (109). 

  

Figure 4: Maillard reaction: Formation of Amadori products and advanced glycated endproducts. The 
Maillard reaction is separated in early and late phase. In the early phase, a reducing sugar such as glucose is 
covalently attached to free amino or guanidinium group (for example lysine (Lys, green)). This reaction is fast and 
highly reversible and results in a Schiff base. Amadori rearrangement of the product results in Amadori products 
such as fructoselysine. In the late phase, further reactions and modifications can lead to the formation of Advanced 
glycated endproducts. This figure was adapted and extended from Ulrich et al. (107). 

Diverse sugars differ in their ability to react with amino groups. In general, the reactivity 

depends on the extent to which the sugar exists in the open (carbonyl), more reactive or in the 

ring (hemiacetal or hemiketal) structure (110, 111). Fructose for example shows a higher 

steady state concentration of the reactive open-chain than glucose and is 10-fold more reactive 

than glucose (112). Additionally, sugars with less carbon atoms are more reactive; pentoses 
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are more reactive than hexoses, which are more reactive than disaccharides (113). On the 

acceptor side, a free amino group is necessary for the reaction. Amino groups with low pKa 

values are in general more reactive toward glycation because of their high reactivity and 

nucleophilicity (114). In proteins, only the α-amino group of N-terminal amino acids and those 

with an amino acid side chain are accessible (Lys, Arg, and histidine (His)) (100). Furthermore, 

it was shown for Lys that the properties of amino acids in the proximity, for example positive 

charge (115, 116) and acidity (116), can promote glycation (117, 118). 

 

1.3.1 Enzymatic deglycation of Amadori products  

 

For more than 100 years, the Maillard reaction is known as food browning which typically 

proceeds rapidly at high temperatures (≥140 °C). It is an important source of aroma and color 

in cooked and processed foods. In the western diet, depending on the nutrient composition, 

humans consume several milligrams of Maillard products per day (119, 120). During the 1970s 

and 1980s, it was discovered that a rather slow Maillard reaction also occurs in vivo (95, 121-

124).  

To cope with the amount of Amadori products, many organisms have developed different ways 

to degrade them. The deglycating enzymes have different substrate specificities and 

physiological function like intracellular repair functions of DNA as well as proteins or 

degradation and utilization of Amadori products (125). So far, three different mechanisms for 

the deglycation of ketoamines are described (Fig. 5): Oxidative degradation by fructosyl amino 

acid oxidases (Amadoriases) (Fig. 5A) (126), phosphorylation by fructosamines 3-kinases 

(FN3K) (Fig. 5B) (127), and phosphorylation by fructosamine 6-kinases (FN6K) and 

subsequent cleavage by deglycase (Fig. 5C)  (125).  

Amidoriases have been found in fungi, yeast, and bacteria and catalyze oxygen-mediated 

oxidation of Maillard products (126). In general, they cleave small glycated substrates such as 

fructosyl amino acids at the ketoamine bond between C1 of the sugar moiety and the nitrogen 

atom and release amine, glucosone, and H2O2 (Fig. 5A) (128). Fructosamine 3-kinases FN3K 

and related proteins, are found in all taxa and deglycate fructosamines in a two-step reaction 

(Fig. 5B) (127). By phosphorylation of the third carbon of the sugar moiety, the ketoamine is 

destabilized. In the following, this leads to the spontaneous formation of 2-keto-3-

deoxyaldoses by releasing the amine (129, 130).  

The third deglycation mechanism, which is also described as reverse Amadori reaction, is only 

found in bacteria. Fructosamines are also degraded in a two-step reaction including two 

enzymes (Fig. 5C) (125). The fructosamine-6-kinases FN6K phosphorylates the sixth carbon 
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atom of the sugar moiety leading to fructosamine 6-phosphate. Further deglycation leads to 

the formation of an aldose like glucose 6-phosphate and release of a free amine (131-133). In 

this way, bacteria like E. coli (131), Salmonella enterica (134), and Bacillus subtilis (132) are 

able to use fructosamines as sole carbon source. Interestingly, the Amadori metabolism is 

widely distributed among gut-colonizing bacteria (135). This is in line with the estimation that 

gut microbiota are exposed to more than 500 mg of Amadori products daily (120, 136).  

  

Figure 5: Fructoseamine degradation. A) Oxydative degradation. Fructosyl amino acid oxidases (Amadoriases) 
cleave fructoseamines between C1 of the sugar moiety and the nitrogen atom and release amine, glucosone and 
H2O2 B) Phosphorylation. Fructoseamine 3-kinases (FN3K) phosphorylate the third carbon of the sugar moiety 
leading to fructoseamine 3-phosphate. This destabilization leads to the spontaneous formation of 2-keto-3-
deoxyaldoses by releasing the amine. C) Phosphorylation. Fructoseamine 6-kinases (FN6K) phosphorylate the 
sixth carbon atom of the sugar moiety leading to fructoseamine 6-phosphate. Deglycation by a deglycase leads to 
the formation of an aldose like glucose 6-phosphate and release of a free amine. Related E. coli proteins are 
depicted below (FrlD and FrlB). This figure was adapted and extended from Deppe et al. (125). 

The enzymes needed for the Amadori metabolism are encoded by the operon frlABCDR (E. 

coli) or frlBONMDR (B. subtlilis) or fraRBDAE (S. enterica). The substrates which are degraded 

by the different pathways differ: N-ε-fructoselysine (ε-FrK) in E. coli (131), N-α-fructoselysine 

(α-FrK) and other glycated amino acids such as N-α-fructoseglycine or N-α-fructosevaline in 

B. subtlilis (132), and N-α-fructoseasparagine (F-Asn) in S. enterica (134). However, the 

degradation of these Amadori products follows a conserved route in bacteria and can be 

depicted by the E. coli ε-FrK metabolism (131). The uptake of ε-FrK is presumably ensured by 

the putative permease FrlA. The kinase FrlD phosphorylates the sixth carbon atom resulting 
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in fructoselysine-6-phosphate (FrK-6P) which is hydrolysed by the deglycase FrlB into glucose-

6-phosphate and lysine. Glucose-6-phosphate is further metabolised in the glycolysis whereas 

lysine is processed in the amino acid metabolism. The fructose-lysine 3-epimerase FrlC 

catalyses the reversible conversion of fructose-lysine and psicose-lysine further allowing for 

the metabolism of this compound in E. coli (137). So far, nothing is known about the regulation 

of the E. coli ε-FrK metabolism. In the human gut environment, utilization of alternative carbon 

sources is beneficial as distinct niches are created and the competition is minimized. A tightly 

regulated uptake of ε-FrK and the further utilization as carbon source can be therefore 

beneficial to compete with other bacteria of the gut microbiota. 
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2 Two RmlC paralogs catalyse dTDP-4-keto-6-deoxy-D-glucose 

epimerization in Pseudomonas putida KT2440 
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Abstract 

L-rhamnose is an important monosaccharide both as nutrient source as well as building block 

in prokaryotic glycoproteins and glycolipids. Generation of those composite molecules 

demands for activated precursors being provided e.g. in form of nucleotide sugars such as 

dTDP-β-L-rhamnose (TDP-Rha). TDP-Rha is synthesized in a conserved 4-step reaction 

which is canonically catalysed by the enzymes RmlABCD. An intact pathway is especially 

important for the fitness of pseudomonads, as TDP-Rha is essential for the activation the 

polyproline specific translation elongation factor EF-P in these bacteria. Within the scope of 

this study, we investigated the TDP-Rha-biosynthesis route of Pseudomonas putida KT2440 

with a focus on the last two steps. Bioinformatic analysis in combination with a screening 

approach revealed that epimerization of dTDP-4-keto-6-deoxy-D-glucose to dTDP-4-keto-6-

deoxy-L-mannose is catalysed by the two paralogous proteins PP_1782 (RmlC1) and 

PP_0265 (RmlC2), whereas the reduction to the final product is solely mediated by PP_1784 

(RmlD). Thus, we also exclude the distinct RmlD homolog PP_0500 and the genetically linked 

nucleoside diphosphate-sugar epimerase PP_0501 to be involved in TDP-Rha formation, other 

than suggested by certain databases. Together our analysis contributes to the molecular 

understanding how this important nucleotide-sugar is synthesized in pseudomonads.  

Key-words: RfbBDAC, glycosylation, PA4068, PA4069, Pseudomonas aeruginosa 

Introduction 

Rhamnose (Rha) is a naturally occurring sugar being widely distributed among bacteria and 

plants (1). As such it can serve – on the one hand – as sole carbon source for many 

microorganisms (2). In this regard, regulation towards Rha has turned out as powerful 

molecular tool to drive gene expression in bacteria (3, 4). On the other hand, Rha is utilized in 

antibiotic synthesis (5) or forms an integral part of saponins (6), certain bacterial surface 

glycans such as rhamnolipids (7) or mycolic acids (8), extracellular polysaccharides (9) and 

even cytosolic proteins (10) (Fig 1A). Incorporation of rhamnose into these requires an 

activated precursor which is provided as a nucleotide sugar. To date, two forms of activated 

Rha are known to be produced by bacteria: Guanosine diphosphate-α-D-rhamnose (GDP-

Rha) (11) and deoxythymidine-β-L-rhamnose (TDP-Rha) (12). While GDP-Rha is synthesized 

from mannose-1-phosphate (11), the pathway for TDP-Rha starts with glucose-1-phosphate 

(Glc-1P) (Fig. 1B).  
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Fig. 1: Rhamnose as versatile building block in composite biomolecules A) L-Rha in bacterial biomolecules. Top left: 

Rhamnolipids consisting of a rhamnose moiety and a fatty acid tail in P. aeruginosa (7). Top right: Mycobacterial cell wall 

containing L-Rha as linking sugar between arabinogalactan and peptidoglycan (7). Bottom left: Rhamnosylation of translation 

elongation factor EF-P in about 10 % of all bacteria (10). Bottom middle: Biosynthesis of Streptomycin inter alia originating from 

TDP-Rha (5). Bottom right: Glycosylated flagella with a linking L-Rha moiety in certain Pseudomonads (13). B) dTDP-β-L-

rhamnose biosynthesis pathway. Glucose-1-phosphate thymidylyltransferase, the first enzyme of the pathway, transfers a 

thymidylmonophosphate nucleotide to glucose-1-phosphate, which is further oxidated by dTDP-D-glucose 4,6-dehydratase at the 

C4 hydroxyl group of the saccharide. The double epimerization reaction at positions C3 and C5 is catalyzed by the dTDP-4-keto-

6-deoxy-D-glucose 3,5-epimerase. Finally, the reduction of the C4 keto group by the dTDP-4-keto-6-deoxy-L-mannose reductase 

leads to dTDP-β-L-rhamnose. 

Homologs for the synthesis genes of TDP-Rha, rmlBDAC, can be identified in gram-positive 

and gram-negative bacteria (1) and according to their number the pathway consists of four 

steps (Fig. 1B) (1). First, a nucleotide transferase RmlA (RfbA) (14) or RffG (15) transfers a 

deoxythymidine monophosphate moiety from deoxythymidine triphosphate to Glc-1P 

accompanied by the release of pyrophosphate. In the second step, a dehydratase RmlB (RfbB) 

(16) or RffH (15) catalyzes the conversion of TDP-glucose into TDP-4-keto-6-deoxy-D-

glucose. The third enzyme – an isomerase RmlC (RfbC) (17)) – mediates a double 

epimerization reaction leading to the formation of TDP-4-keto-6-deoxy-L-mannose. Fourth, 

RmlD (RfbD) (17) reduces the C4 keto group of the 4-keto-6-deoxy-L-mannose and with this 

TDP-Rha synthesis is completed. Notably, the pathway was shown to be critical or even 

essential for viability in the human pathogens Streptococcus pyogenes, S. mutans (18) and 

Mycobacterium tuberculosis (19). In the clinically relevant Pseudomonas aeruginosa (20), 

TDP-Rha is important for the synthesis of rhamnolipids (21). These are bacterial surfactants 

with a rhamnose moiety as head group and act as a key virulence determinant (22). Moreover, 

in about 10 % of all bacteria including pseudomonads, a protein monorhamnosylation was 

described in 2015 which is essential for activation of the polyproline specific translation 

elongation factor EF-P (10). Specifically, the glycosyl transferase EarP transfers a rhamnose 

moiety onto a conserved EF-P arginine residue R32 thereby utilizing TDP-Rha as a precursor 

(10, 23-25). Loss of either efp or earP reduces bacterial fitness dramatically (10, 26, 27) while 
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deletion of rmlC surprisingly leads to a milder mutant phenotype in Shewanella oneidensis (10) 

and P. aeruginosa (25). This in turn suggests for a compensatory mechanism. One plausible 

explanation is the presence of a yet unidentified gene substituting for rmlC and being widely 

distributed in the γ-proteobacterial orders of Alteromonadales and Pseudomonadales. We 

chose P. putida KT2440 to test our hypothesis as it is probably the best-characterized non-

pathogenic laboratory pseudomonad (28). P. putida strains in general are fast-growing and 

genetically easily accessible (29). They are a paradigm of metabolically versatile 

microorganisms being able to recycle organic wastes and are key players in the maintenance 

of environmental quality (29).  

Following an unbiased approach and utilizing a restriction based genomic library, we identified 

the two paralogous proteins PP_1782 (now termed RmlC1) and PP_0265 (now termed RmlC2) 

as dTDP-4-dehydrorhamnose 3,5-epimerases while the last step namely the reduction to TDP-

Rha seems to be solely catalyzed by PP_1784 (RmlD). By contrast, two further candidate 

genes that were identified by database mining and homology analyses – PP_0500 and 

PP_0501 – are not involved in TDP-Rha biosynthesis. Taken together, our findings contribute 

to the molecular understanding how TDP-Rha is synthesized in pseudomonads. This is 

important as the RmlABCD has been postulated as target for new antibacterial therapeutics 

(8, 18, 30) 

 

Results 

A screening system that allows for the discovery of TDP-Rha synthesis genes 

To identify genes involved in TDP-Rha biosynthesis, we took advantage of the pathway's 

dependence on activation of pseudomonal EF-P and its cross functionality in Escherichia coli. 

This cannot necessarily be expected, as the E. coli endogenous EF-P significantly differs from 

its pseudomonal counterpart (31): Although both proteins alleviate ribosome stalling at 

polyproline stretches (10, 32), their modes of activation are phylogenetically unrelated (10, 33). 

While E. coli EF-P (EF-PEco) strictly depends on (R)-β-lysylation (24, 34-36) and hydroxylation 

(37) of a conserved lysine Pseudomonas EF-P (EF-PPpu) is rhamnosylated at arginine by the 

glycosyltransferase EarP (EarPPpu) at the structurally equivalent position (10, 23). Despite 

these apparent distinct post-translational modifications, a combination of efpPpu and earPPpu 

from P. putida KT2440 can compensate for a lack of efp in E. coli (Δefp) as long as the 

endogenous TDP-Rha pathway remains intact (Fig. 2A, C) (10). Interestingly, loss of any 

synthesis gene – here exemplified with a ΔrmlC strain – does not simply phenocopy Δefp but 

even results in more severe growth defects, as can be concluded from the corresponding 

doubling times (Fig. 2B). In fact, E. coli Δefp cross complemented with efp/earPPpu grows twice 
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as fast as the same strain additionally lacking rmlC (Δefp ΔrmlC). These differences in growth 

rates provide us with a selection regime to identify dTDP-4-dehydrorhamnose-3,5-epimerase 

genes from a P. putida genomic library. 

  

Fig. 2: Growth analysis of cross complemented E.coli Δefp mutants in dependence of the TDP-Rha pathway. A: E. coli 

MG1655 (E. coli WT), E. coli MG1655 Δefp expressing pBBR MCS2 efp/earPPpu (Δefp efp/earPPpu), E. coli MG1655 Δefp (Δefp) 

and E. coli MG1655 Δefp ΔrmlC expressing pBBR MCS2 efp/earPPpu (Δefp ΔrmlC efp/earPPpu) were grown in LB at 37 °C. Shown 

is a the mean curve from three independent biological replicates. B: Doubling times of E. coli strains listed in A. Doubling times 

were calculated from growth analysis from three independent biological replicates. C: Comparison of colony size. The same 

strains listed in A were plated on LB Agar (1.5 %). Pictures were taken after o/n growth at 37 °C.  

The library was constructed by partial restriction digestion of the P. putida genome with the 

dam and CpG methylation insensitive enzyme StuI (NEB) (Fig. 3). The average fragment size 

was set to 5 kb to ensure that at least one gene was completely covered (average gene size: 

1.132 kbp). These were cloned into SmaI linearized pBAD33, which allows for high-level 

expression by induction of the PBAD promoter with L-arabinose (38). Transformation of E. coli 

DH10B cells with the library revealed ~430.000 clones indicating a for an around 350fold 

coverage of the P. putida KT2440 genome (total length 6.18187 Mbp).  

 

 

Fig.3: Screening strategy for the identification TDP-Rha biosynthesis genes in P. putida. Chromosomal DNA of P. putida 

(green) was fragmented by restriction digestion. Fragments with an average size of 5 kb were then ligated into the arabinose 
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inducible vector (pBAD33). The resulting library was transformed into an E. coli Δefp PcadBA::lacZ reporter strain that concomitantly 

lacks either rmlC or rmlD (ΔrmlC/ ΔrmlD) and additionally encodes earPPpu and efpPpu (orange) of P. putida in trans. Genes cross-

complementing ΔrmlC and ΔrmlD recover the impaired growth phenotype and can be selected by size (white arrows). 

Next, we transformed E. coli Δefp ΔrmlC + efp/earPPpu with the library and cultivated the cells 

in LB containing 0.2 % L-arabinose. Considering duplication times (Fig. 2B) and genome 

coverage, we expect rmlC copies to accumulate already to a single-digit percentage of the 

total population within latest two days (= ~16 generations with mutant growth phenotype and 

~32 for wild-type phenotype), even under unfavorable circumstances. Indeed, when plating 

the second overnight culture on LB agar we obtained colonies of two different sizes. 

Consequently, we isolated plasmids from 16 large clones and sequencing identified 12 times 

PP_1782 and four times PP_0265 as the insert. PP_0265 (from now on rmlC2/RmlC2) resides 

next to genes encoding a putative two component signal-transduction system (Fig. 4A). 

PP_1782 (from now on rmlC1/RmlC1) on the other hand is the last of four genes in a putative 

TDP-rhamnose biosynthesis operon PP_1785-PP_1782 (Fig. 4B). To substantiate our 

hypothesis on the TDP-Rha biosynthetic operon, we conducted a second library screen with 

E. coli cells now lacking rmlD in addition to efp (Δefp ΔrmlD + efp/earPPpu) instead of rmlC. 

With this strain we exclusively enriched clones harboring a copy of PP_1784 (from now on 

rmlD/RmlD), a homolog of E. coli RmlD. Thus, we provide experimental evidence that 

PP_1785-PP_1782 form a rmlBDAC1 operon in P. putida KT2440 and further identified a 

second gene encoding for an dTDP-4-dehydrorhamnose 3,5-epimerases – RmlC2. 

 

 

Fig. 4: Genomic organization of rmlC and rmlD candidate genes in P. putida. A) PP_0265 gene region B) PP_1782_PP_1784 

gene region. C) PP_0500 and PP_0501 gene region. Putative (?) or validated (!) homologs/analogs of rmlC and rmlD are shown 
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in green and red respectively. Bottom: Position within P. putida genome. Arrows indicate monocistrons. The scale indicates the 

position within the P. putida genome. 

 

PP_0265/PP_1782 and PP_1784 are dTDP-4-dehydrorhamnose 3,5-epimerases and 

dTDP-4-dehydrorhamnose reductase, respectively 

Our library screen was complemented by database mining and a homology search. In addition 

to rmlC1 and rmlC2 we found PP_0501 being annotated as nucleoside diphosphate- sugar 

epimerase of unknown specificity and as such might function as further dTDP-4-

dehydrorhamnose 3,5-epimerase (String (39, 40), Pfam (41), Uniprot (42), Metacyc (43) 

database). However, while RmlC1 & RmlC2 are highly homologous to each other (64 % 

identity), PP_0501 shares no similarities at the sequence level (Fig. S1). Nonetheless and in 

addition to its annotated function PP_0501 forms an operon with a putative dTDP-4-

dehydrorhamnose reductase gene, PP_0500 (39, 40, 44) (Fig. 4C). This protein, on the 

contrary, shares similarities with RmlD both at the sequence level (29 % identity) as well as 

structurally (Fig. S2). 

To test the putative role of PP_0500 and PP_0501 in TDP-Rha biosynthesis we made again 

benefit of EarP mediated activation of P. putida EF-P and its functionality in E. coli. Hence, we 

cloned the two genes into pBAD33 simultaneously adding a His6-tag coding sequence for 

immunodetection in order to ensure proper protein production (Fig. 5). rmlC1, rmlC2 and rmlD 

were also included in the study. The resulting plasmids pBAD33-rmlC1, pBAD33-rmlC2, 

pBAD33-PP_0501 as well as pBAD33-rmlD and pBAD33-PP_0500 were introduced into E. 

coli Δefp ΔrmlC + efp/earPPpu and Δefp ΔrmlD + efp/earPPpu, respectively. Of note, these are 

reporter strains in which EF-P functionality is coupled to LacZ expression (Fig. 5A). Whereas 

β-galactosidase activity is low in cell with an incomplete TDP-Rha biosynthesis pathway, 

introduction of either rmlC1, rmlC2 (Fig. 5B) or rmlD (Fig. 5C) into the respective mutant strains 

led to a significant increase. By contrast, neither PP_0500 nor PP_0501 were able to rescue 

the ΔefpEco mutant phenotype.  

In parallel we analyzed the rhamnosylation status of EF-PPpu utilizing anti-rhamnosylarginine 

specific antibodies (anti-ArgRha) (23, 45, 46). Immunodetection of EF-PPpu rhamnosylation 

matched with the reporter expression levels on the one hand confirming the enzymatic 

activities of RmlC1, RmlC2 and RmlD as dTDP-4-dehydrorhamnose 3,5-epimerase and dTDP-

4-dehydrorhamnose reductase, respectively. On the other hand, they falsify speculation and 

database annotations that attribute PP_0500 and PP_0501 a function in TDP-Rha 

biosynthesis (String (39, 40), Pfam (41), Uniprot (42), Metacyc (43) database).  
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Fig. 5: Analysis of in vivo activities of activated EF-P in TDP-Rha biosynthesis deletion strains. A: β-Galactosidase reporter 

assay. The assay is based on the lysine decarboxylase acid stress response of E. coli, the CadABC module (47). At low pH, the 

transcriptional activator CadC activates the promoter of its two downstream genes (PcadBA) thereby inducing the expression of lacZ 

in an E. coli MG1655 PcadBA::lacZ strain. Proper translation of CadC is dependent on the presence of EF-P which is activated by 

mono-rhamnosylation, a reaction catalysed by the glycosyltransferase EarP using dTDP-β-L-rhamnose (TDP-Rha, blue) as 

substrate. Thus β-galactosidase activity can be taken as an indirect readout for functional TDP-Rha biosynthesis. B and C: 

Functionalities of RmlC1, RmlC2, RmlD, PP_0500 and PP_0501 were determined by measuring the β-galactosidase activities of 

E. coli MG1655 PcadBA::lacZ Δefp ΔrmlC (B)/ΔrmlD (C) with heterologous expression of a candidate gene from the pBAD33 vector. 

The empty vector (e.V.) was included as negative control. Additionally, all strains encoded the earP/efpPpu operon in trans, being 

encoded from pBBR MCS2 vectors (grey bars) expressed from the native promoter. Again, the corresponding empty vector served 

as control (black bars). All strains were grown o/n in LB pH 5.8 and activity is given in Miller Units (MU). Means of three independent 

measurements are shown. Standard deviations from three independent experiments were determined. Bottom: Western blot 

analysis of o/n cultures E. coli depicted in B and C. Rhamnosylated EF-PPpu (EF-PRha) was detected using 0.25 µg/ml anti-ArgRha. 

Expression of candidate genes was verified using 0.1 µg/ml anti-His6. Full-length Western Blots and corresponding SDS-gels are 

depicted in Fig.S3. 

 

Discussion 

 

In the scope of this study, we have investigated the TDP-rhamnose pathway of P. putida 

KT2440 with a focus on the isomerization of dTDP-4-keto-6-deoxy-D-glucose. Combining an 

unbiased approach and utilizing a genomic library, we identified two paralogous proteins 

RmlC1 and RmlC2. Duplication of rmlC is not restricted to P. putida but certain other 

pseudomonads such as P. monteilii, P. fulva, P. plecoglossicida or P. asiatica harbor also two 

gene copies. In fact, functional redundancy in the TDP-Rha biosynthesis pathway is nothing 
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unusual. As an example, the two enzymes RffG and RffH of E. coli catalyze the same two 

steps as RmlA and RmlB, respectively (15). Such duplications may be useful, e.g., to 

compensate for bottleneck reactions in the TDP-Rha biosynthesis (48). Such bottlenecks can 

occur at different stages as the pathway is not only utilized to ultimately generate TDP-Rha. 

Specifically, dTDP-4-keto-6-deoxy-D-glucose is also a precursor of dTDP-3-acetamido-α-D-

fucose (49) and TDP-D-viosamine (50) which are found as part of the glycan pattern in 

P. syringae (51). Similarly, the two paralogs RmlC1 and RmlC2 in P. putida KT2440 might 

serve as starting point of similar but so far unknown reactions. Moreover, gene duplications 

open the gate for regulated expression in turn allowing the precise adjustment of the desired 

ratio of distinct NDP-sugars depending on parts of the TDP-Rha biosynthesis pathway. It would 

also allow for the accumulation of educts or products of the preceding reactions such as dTDP-

glucose and Glc-1P. Notably, whereas rmlC1 is part of an operon in which presumably the full 

TDP-Rha pathway is encoded, the rmlC2 resides in the vicinity of two genes encoding a two-

component system (TCS) of thus far unknown function. Based on the predicated domain 

composition, this specific TCS presumably transduces external signals into gene transcription. 

One might therefore speculate on regulated expression of rmlC2 according to the 

environmental conditions.       

While our study revealed two RmlC paralogs in P. putida database mining in the genome of 

both P. aeruginosa and S. oneidensis did not lead to the identification of gene duplicates of 

rmlC. In the latter organism, however, there might be two enzymes catalyzing the reduction to 

TDP-Rha (SO_1653 und SO_4174). Similarly, P. aeruginosa might encode two rmlD copies – 

PA5162 and PA4069. Whereas PA5162 shares 60 % identity with PP_1784 (RmlD), PA4069 

is rather an ortholog of PP_0501 (81 % identity). As we have excluded PP_0501 as dTDP-4-

dehydrorhamnose reductase it is also unlikely, that PA4069 is involved in TDP-Rha 

biosynthesis. Similarly, the adjacent PA4068, which is orthologous to PP_0501 is presumably 

not a player in the pathway. Notably, our structural model (Fig. S1) revealed the UDP-N-

acetylglucosamine C4-epimerase PelX from P. protegens Pf-5 as close homolog (identity 67 

%) (52). PelX is involved in the biosynthesis of the GalNAc-rich bacterial 

polysaccharidepolysaccharide Pel, that is essential for pellicle biofilm formation (52, 53). One 

can hence hypothesize, that PP_0500 and PP_0501 might be involved in that pathway, 

instead.  

One question remains: How can the discrepancy in the growth phenotypes between the ΔearP 

strains in S. oneidensis and P. aeruginosa and their corresponding deletions of rmlC be 

explained (10, 25). One possibility might be that there is a yet undiscovered dTDP-4-

dehydrorhamnose 3,5-epimerase, which is either not as widely distributed as initially assumed 

or with low enzymatic activity and thus hindering its identification with our experimental setup. 
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Alternatively, one could hypothesize on a “non TDP-Rha” NDP-Deoxyhexose pathway: Beside 

variations in the nucleotide moiety as in the case of GDP-Rha (11), TDP-linked epimeric sugars 

such as pneumose have been described (54). If these exist in pseudomonads and at the same 

time the glycosyltransferase EarP recognizes such NDP-sugar as donor substrate it might lead 

to a modified and/or partially activated EF-P. Promiscuity of EarP has yet been described with 

respect only to the protein acceptor (55, 56). Nevertheless, based on the available structural 

data it is plausible, that EarP’s specificity is also not restricted TDP-Rha. In fact, the 

architecture of its catalytic pocket might tolerate off-substrate binding especially when they 

deviate in the sugar moiety (23, 57, 58). While both the GDP-moiety and the distinct sugar 

configuration are good arguments to exclude GDP-α-D-rhamnose, other NDP-sugars such as 

TDP-β-L-pneumose might be suitable substitutes for TDP-Rha. Due to the close relatedness, 

this could even work at the ribosome and assist in polyproline induced translational arrest. 

Whether or not a pathway for the synthesis of TDP-β-L-pneumose does exist remains, 

however, elusive and further studies are needed to test this hypothesis.   
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Supplement Figures 

 

Fig.S1: Sequence alignment and structure prediction of RmlC1, RmlC2 and PP_0501. A: Multiple sequence alignment of 

RmlC1 (PP_1782), RmlC2 (PP_0265) and PP_0501 proteins from Pseudomonas putida. The multiple sequence alignment was 

generated using Clustal Omega (59). Secondary-structure elements (α-Helices and β-strands) are depicted at the top of the 

sequence and based on the Salmonella typhimurium RmlC crystal structure (1DZT). Conserved residues are colored in yellow 

(RmlC1 and RmlC2) and green (RmlC1, RmlC2 and PP_0501). B: Predicted protein folds of RmlC1 (PP_1782), RmlC2 (PP_0265) 

and PP_0500 proteins from Pseudomonas putida. Protein structures were predicted using Phyrre2 (60). Illustrations were 

generated with UCSF Chimera (61). 
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Fig.S2: Sequence alignment and structure prediction of RmlD and PP_0500. A: Multiple sequence alignment of RmlD 

(PP_1784) and PP_0500 proteins from Pseudomonas putida. The multiple sequence alignment was generated using Clustal 

Omega (59). Secondary-structure elements (α-Helices and β-strands) are depicted at the top of the sequence and based on the 

Salmonella typhimurium RmlD crystal structure (1KBZ). Conserved residues are colored in yellow. B: Predicted protein folds of 

RmlD (PP_1784) and PP_0500 proteins from Pseudomonas putida. Protein structures were predicted using Phyrre2 (60). 

Illustrations were generated with UCSF Chimera (61). 
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Fig. S3. Analysis of activated EF-P in TDP-Rha biosynthesis deletion strains via western blot. Functionalities of RmlC1, 

RmlC2, RmlD, PP_0500 and PP_0501 were determined by western blot in E. coli MG1655 PcadBA::lacZ Δefp ΔrmlC/ΔrmlD with 

heterologous expression of a candidate gene from the pBAD33 vector. The empty vector (-) was included as negative control. 

Additionally, all strains encoded the earP/efpPpu operon in trans, being encoded from pBBR MCS2 vectors expressed from the 

native promoter (+). Again, the corresponding empty vector served as control (-). All strains were grown o/n in LB pH 5.8. A) 

Expression of candidate genes was verified using 0.1 µg/ml anti-His6. B) Rhamnosylated EF-PPpu (EF-PRha) was detected using 

0.25 µg/ml anti-ArgRha.  
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Material and methods 

Bacterial strains and growth condition  

All strains and plasmids used in this study are listed and described in table 1. E. coli cells were 

grown in Miller modified Lysogeny Broth (LB) (62, 63) at 37 °C aerobically under agitation, if 

not indicated otherwise. LB agar plates contained 1.5 % agar. The medium was supplemented 

with antibiotics at the following concentrations: 50 µg/ml kanamycin sulfate and 30 µg/ml 

chloramphenicol. Plasmids carrying the PBAD promoter (38) were induced with L-arabinose at 

a final concentration of 0.2 % (w/v). 

Table 1: Plasmids and strains used in this study. 

Plasmid Feature/ Genotype Reference 

pBAD33 

CamR-cassette, p15A origin, araC coding 

sequence, ara operator 
(38) 

pBAD33_rmlC1 

CamR-cassette, arabinose inducible expression of 

RmlC1 this study 

pBAD33_rmlD 

CamR-cassette, arabinose inducible expression of 

RmlD this study 

pBAD33_PP_0265 

CamR-cassette, arabinose inducible expression of 

PP_0265 this study 

pBAD33_PP_0500 

CamR-cassette, arabinose inducible expression of 

PP_0500 this study 

pBAD33_PP_0501 

CamR-cassette, arabinose inducible expression of 

PP_0501 this study 

Strain     

E. coli DH5αλpir 

F- λ- endA1 glnV44 thi-1 recA1 relA1 gyrA96 deoR 

nupG Φ80dlacZΔM15 Δ(lacZYA-argF) U169, 

hsdR17(rK- mK+) 

(64) 

E. coli DH10B 

F– mcrA Δ(mrr-hsdRMS-mcrBC) φ80lacZΔM15 

ΔlacX74 recA1 endA1 araD139 Δ (ara-leu)7697 

galU galK λ– rpsL(StrR) nupG 

(65) 

E.coli MG1655 K-12 F– λ– ilvG– rfb-50 rph-1  (66) 

E.coli PcadBA::lacZ 

Δefp MG1655 PcadBA::lacZ Δ(cadBA) Δefp 
(32) 

E.coli PcadBA::lacZ 

Δefp ΔrmlC MG1655 PcadBA::lacZ Δ(cadBA) Δefp ΔrmlC 
(32) 
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E.coli PcadBA::lacZ 

Δefp ΔrmlD MG1655 PcadBA::lacZ Δ(cadBA) Δefp ΔrmlD 
(32) 

 

Molecular biology methods 

Oligonucleotides used in this study are listed and described in the supplementary table S1. 

Plasmid DNA was isolated using the Hi Yield® Plasmid Mini Kit from Süd Laborbedarf 

according to manufacturer’s instructions. DNA fragments were purified from agarose gels 

using the Hi Yield® Gel/PCR DNA fragment extraction kit from Süd Laborbedarf. All restriction 

enzymes, DNA modifying enzymes and the Q5® high fidelity DNA polymerase for PCR 

amplification were purchased from New England BioLabs and used according to 

manufacturer’s instructions. 

Genomic library 

The genomic DNA (gDNA) was isolated from 50 ml o/n culture of P putida KT2440 according 

to the protocol described in reference (67). Further purification was achieved using Phase Lock 

Gel™ (QuantaBio) with Phenol-Chloroform. After the centrifugation, isopropanol precipitation 

was repeated. The pellet was resuspended in water, the final amount was 60 µg DNA. 

Plasmid DNA was purified as described in Molecular biology methods from 12 ml E. coli 

DH5α cells. The plasmid DNA was diluted in water, the final amount was 10 µg DNA. 

The library was constructed using SmaI (pBAD33 vector) and StuI (gDNA) for digestion 

resulting in an average size of 5 kb per insert (Bionexus, Inc.). After ligation, the plasmids were 

transformed into E. coli DH10 B (Lucigen). Quality control was done by restriction digest of 

library clones with BamHI. All restriction enzymes were produced by New England Biolabs, 

Frankfurt. 

Bioinformatic tools 

The multiple sequence alignment was generated using NCBI BLAST (68, 69) and Clustal 

Omega (59). Candidate homologues were identified and analysed using  String (39, 40), Pfam 

(41), Uniprot (42), Metacyc (43) databases.  Protein structures were predicted using Phyrre2 

(60). Illustrations were generated with UCSF Chimera (61).  

β-galactosidase assay 

E. coli MG1655 PcadBA::lacZ Δefp ΔrmlC/ΔrmlD expressing lacZ under the control of the cadBA 

promoter were grown in buffered LB (pH 5.8) overnight (o/n) and harvested by centrifugation. 

β-Galactosidase activities were determined as described in reference in biological triplicates 
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and are given in Miller units (MU) (70). Standard deviations from three independent 

experiments were determined. 

 
SDS-PAGE and Western blotting 

Electrophoretic separation of proteins was carried out using 12.5 % SDS-PAGE as described 

by Laemmli (71). Separated proteins were visualized in gel using 0.5% (vol/vol) 2-2-2-

trichloroethanol (72) and detected within a Gel DocTM EZ gel documentation system (Bio-Rad). 

The proteins were transferred onto a nitrocellulose membrane by vertical Western blotting (4 

°C). Antigens were detected using 0.1 g/ml anti-His6 tag (Abcam, Inc.) or 0.25 g/ml of anti-

ArgRha (73). Primary antibodies (rabbit) were the targeted using 0.1 µg/ml anti-rabbit IgG 

(IRDye® 680RD) (donkey) antibodies (Abcam). Target proteins were visualized via Odyssey® 

CLx Imaging System (LI-COR, Inc). 
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A set of rhamnosylation-specific antibodies enables
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Despite its potential importance for bacterial virulence, protein

rhamnosylation has not yet been sufficiently studied. Specific anti-

SerRha, anti-ThrRha and anti-AsnRha antibodies allowed the identifi-

cation of previously unknown monorhamnosylated proteins in

cytosol and membrane fractions of bacterial cell lysates. Mapping

of the complete rhamnoproteome in pathogens should facilitate

development of targeted therapies against bacterial infections.

Introduction

To perform their specific biological function, peptides and
proteins are usually altered post-translationally by attachment
of specific groups. Glycosylation, i.e. the enzymatic attachment
of sugar residues to the side chains of amino acids, is among
the most common and diverse post-translational modifications
(PTMs). Such protein glycosylations occur in all domains of
life and regulate important cellular processes, including differ-
entiation, signal transduction and the immune response.1 In
addition, bacterial protein glycosylation often plays an impor-
tant role in the pathogenicity of bacteria.2 Typical prokaryotic
glycosylation patterns include O-linked glycans, preferably
bound to serine (Ser), threonine (Thr), and less frequently to
tyrosine (Tyr), as well as N-bound sugars.3,4 The latter includes
the extensively studied glycosylation pattern of Campylobacter
jejuni,5 in which a pre-assembled heptasaccharide is enzymati-
cally transferred en-bloc onto asparagine (Asn), as well as the
attachment of monosaccharides.6–8 For instance, the glycosyl-
transferase HMW1C from Haemophilus influenzae attaches
various single glucose and galactose units to its target protein,

the adhesin HMW1, with the help of the sugar nucleotides
UDP-glucose and UDP-galactose as activated glycosyl
donors.9,10 Similarly NleB1, initially reported to attach
N-acetylglucosamine to arginine (Arg) side chains of host pro-
teins, also regulates bacterial physiology by promoting glycosy-
lation of an specific Arg residue of the bacterial glutathione
synthetase (GshB) in Citrobacter rodentium.11–13 Another
example for this rather unusual Arg glycosylation was recently
described for translation elongation factor P (EF-P), which is
estimated to be glycosylated in approximately 10% of all bac-
teria,14 including clinically important germs like Pseudomonas
aeruginosa14,15 and Neisseria meningitidis.16 Here, a single
rhamnose (Rha) moiety is linked to a key Arg unit of EF-P by
the glycosyltransferase EarP.14,17 Rhamnosylation of EF-P is
essential for preventing ribosome stalling when translating
polyproline motifs. It also represents the first example for a
protein regulation by N-monoglycosylation in bacteria.14,18

However, the widespread existence of synthesis pathways for
activated rhamnose dinucleotide precursors (dT/UDP-β-L-
rhamnose, GDP-α-D-rhamnose) in bacteria, archaea and eukar-
yotes raises the question whether such monorhamnosylations
are indeed only curiosities or whether they rather represent a
general mechanism for functional protein regulation in pro-
karyotes.6 More importantly, and in view of the close link
between protein glycosylation and bacterial pathogenicity,
research in this direction might also offer new therapeutic
avenues to combat bacterial infectious diseases,19 which has
become even more urgent with the spread of infections caused
by multiresistant germs. An important prerequisite for the
development of new antiinfectives or therapeutic antibacterial
approaches is the identification of (new) glycoprotein targets
and their specific biological functions. Despite recent techno-
logical advances, profiling of bacterial glycosylation sites is
still a difficult task and usually requires specific enrichment
strategies due to the dynamics of glycosylation and its substoi-
chiometry.20 Here, immunoblotting using modification-
specific antibodies is particularly useful, although multiple
analyses with different (complementary) antibodies are often
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needed.21 So far, only anti-ArgRha antibodies have been
described for the detection of protein monorhamnosylation in
cell lysates.17,22 However, to be able to detect further poten-
tially important rhamnose N- and O-linked glycosylation pat-
terns, we are now expanding the existing biochemical toolbox
with this study. Novel, and specific anti-AsnRha, anti-SerRha and
anti-ThrRha polyclonal antibodies are presented, which should
allow for the detection of previously unknown monorhamnosy-
lated bacterial proteins (Fig. 1A).

Results and discussion

Based on previous work of Hu and co-workers, who generated
first anti-ArgRha antibodies with the aid of synthetic
glycopeptides,22,23 we also used an artificial glycopeptide
scaffold of the sequence Gly-Ile-Gly-AARha-Gly-Ile-Gly for pro-
duction of our extended set of specific anti-AARha antibodies.
Here, AARha stands either for Asnα/β-Rha, Serα/β-Rha or Thrα/β-Rha,
which represent chemically pre-formed Rha-building blocks of

Asn, Ser, and Thr. In general, these pre-assembled rhamnosyl
amino acids can be incorporated into any given peptide
sequence by solid-phase peptide synthesis (SPPS) according to
the Fmoc-protocol. Chemical approaches towards such build-
ing blocks have been reported earlier,24,25 with exception of
N-linked AsnRha and the synthetically challenging β-O-rhamno-
syl Ser/Thr building blocks. Detailed information on the prepa-
ration of all of these (novel) building blocks are provided in
the ESI.† In brief, O-linked α-rhamnosylated Ser and Thr SPPS
building blocks 1 and 2 were assembled from Fmoc-L-Ser-
OAll26 and Fmoc-L-Thr-OAll26 via TMSOTf-catalysed glycosyla-
tion with trichloroacetimidate donor 3 27 (Fig. 1B). Subsequent
reductive deallylation furnished the desired products stereo-
chemically pure and in 72% and 64% overall yield, respect-
ively. Similarly, the corresponding β-rhamnosylated Ser-O- and
Thr-O-building blocks 4 and 5 were obtained from Fmoc-L-Ser-
OAll26 and Fmoc-L-Thr-OAll26 using rhamnosyl donor 6 28 and
Tf2NH as synthesis promotor. Acidic cleavage of the isopropyl-
idene acetal protecting group, followed by reacetylation and
deallylation, then provided the corresponding β-O-rhamnosy-

Fig. 1 (A) Generation of polyclonal anti-SerRha, anti-ThrRha and anti-AsnRha from synthetic rhamnopeptide epitopes and their use in profiling of the
bacterial rhamnosyl proteome (F = flagella, C = cytosol fraction, M = membrane fraction). (B) Synthesis of α-O-rhamnosyl serine and threonine
building blocks: reagents and conditions: (a) serine: Fmoc-L-Ser-OAll, TMSOTf, CH2Cl2, 74%; threonine: Fmoc-L-Thr-OAll. TMSOTf, CH2Cl2, 75%;
(b) PhSiH3, [Pd(PPh3)4], CH2Cl2, 97% (1), 85% (2). Synthesis of β-O-rhamnosyl serine and threonine building blocks: reagents and conditions:
(c) serine: Fmoc-L-Ser-OAll, HNTf2, Et2O/CH2Cl2 76%; threonine: Fmoc-L-Thr-OAll, HNTf2, Et2O/CH2Cl2 85%; (d) (1) TFA, H2O, (2) Ac2O, pyridine,
serine: 87% threonine: 74% over 2 steps; (e) [Pd(PPh3)4], N-methyl aniline, THF, 98% (4), 94% (5). (C) Synthesis of β-N-rhamnosyl asparagine building
block: reagents and conditions: (f ) Fmoc-L-Asp-OAll, PyBOP, DIPEA, DMF, 79%; (g) PhSiH3, [Pd(PPh3)4], CH2Cl2, 81%. Synthesis of α-N-rhamnosyl
asparagine building block: reagents and conditions: (h) Fmoc-L-Asn-OAll, TMSOTf, MeNO2/CH2Cl2, 63%; (i) PhSiH3, [Pd(PPh3)4], CH2Cl2, 76%.
(D) Schematic depiction of O- and N-rhamnosylated glycopeptides 11–16 for antibody generation.
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lated Ser and Thr derivatives 4 and 5, in 65% and 59% overall
yield, respectively. N-Linked β-rhamnosylated Asn SPPS build-
ing block 7 was obtained in 64% yield by PyBOP-mediated
coupling of rhamnosylamine precursor 8 29 to Fmoc-L-Asp-
OAll30 and Pd-catalysed deallylation (Fig. 1C). In contrast, α-N-
linked rhamnosyl Asn derivative 9 was not accessible via this
route due to the high racemization tendency of the intermedi-
ate rhamnosylamine 8.29 However, TMSOTf-catalyzed glycosyla-
tion of Fmoc-L-Asn-OAll with N-phenyl trifluoroacetimidate
donor 10 31,32 and subsequent ester cleavage furnished the
desired product in 48% yield. The stereochemical assignments
of all six N- and O-rhamnosyl amino acid building blocks were
proven by 1H–13C-coupled HSQC NMR experiments (see
ESI†).29,33 With the pre-formed amino acid building blocks 1,
2, 4, 5, 7 and 9 at hands, a set of O- and N-rhamnosylated gly-
copeptides (11–16) comprising either α- or β-rhamnosylated
Ser, Thr or Asn residues was synthesized on 2-chlorotrityl resin
using standard Fmoc-SPPS procedures (see ESI†). Additional
glycine units were introduced into the sequence to act as
separators, while the corresponding isoleucine residue should
facilitate HPLC purification (Fig. 1D). Polyclonal anti-AsnRha,
anti-SerRha, and anti-ThrRha antibodies were raised commer-
cially by Eurogentec GmbH, Germany, according to their
Rabbit Speedy 28-day (AS superantigen) program. For more
details please refer to the ESI.† To ensure cross reactivity of the
antibodies to both anomeric rhamnosyl linkages, equimolar
mixtures of α- and β-configured glycopeptides were used for
immunization of rabbits. The specificities of the obtained anti-
SerRha, anti-ThrRha and anti-AsnRha polyclonal antibodies were

investigated with semi-synthetic glycopeptide conjugates
(BSA-Serα-/β-Rha, BSA-Thrα-/β-Rha, BSA-Asnα-/β-Rha) derived from
bovine serum albumin (BSA) and the corresponding α- or
β-rhamnosylated glycopeptides (Fig. 2). In addition, the BSA-
conjugates of the naked, non-glycosylated peptide sequences
were prepared as negative controls (BSA-SerNP, BSA-ThrNP,
BSA-AsnNP). All three polyclonal antibodies strongly bound
their cognate glycopeptide hapten up to a concentration range
of only 1–2 ng of BSA conjugate (Fig. 2D and ESI Fig. 6B and
7B†). By contrast, the antisera neither recognized the corres-
ponding naked BSA conjugates lacking the sugar moiety, nor
synthetic EF-P variants (EF-PSer-NP, EF-PThr-NP, EF-PAsn-NP) in
which the internal loop region carrying the natural rhamnosy-
lation site was substituted by the corresponding naked peptide
(Fig. 2A, ESI Fig. 6A and 7A†).14 This demonstrates that the
rhamnosylated glycosylamino acids are key structural elements
of the antibodies’ cognate haptens. This finding was con-
firmed by competition assays, in which the antibodies were
pre-incubated with either L-rhamnose (up to 15 mM) or the
respective amino acid (L-Ser, L-Thr, L-Asn, up to 15 mM) prior
to immunodetection. Here, no impairment in recognition of
the corresponding rhamnosylated BSA conjugates was
observed (Fig. 2C, ESI Fig. 6A and 7A†). Moreover, cross-reac-
tivity of the antibodies to non-cognate glycopeptide antigens
was tested. While anti-ThrRha could detect β-O-rhamnosylated
Ser (Fig. 2B) and vice versa (ESI, Fig. 6C†), almost no binding
to N-rhamnosylated Asn was observed. Anti-AsnRha, on the
other hand, did not recognize N-Arg rhamnosylation but
showed some cross-reactivity with O-rhamnosylated Ser and

Fig. 2 Sensitivity and specificity analysis of anti-aaRha specific antibodies. (A) Specificity analysis: 0.5 µg of the respective sample were subjected to
SDS-PAGE and subsequent immunodetection analysis with 0.2 mg ml−1 of anti-aaRha. BSA, synthetic EF-P variants comprising the naked peptide
sequence in their loop region (EF-P-aaNP) and BSA coupled to the naked peptide (BSA-aaNP) served as negative controls. α- and β-rhamnosylated
peptides coupled to BSA (BSA-aaα-/β-Rha) served as positive controls. (B) Anti-ThrRha cross-reactivity analysis: 0.5 µg of the respective sample were
subjected to SDS-PAGE and subsequent Western Blot analysis with 0.2 mg ml−1 of anti-ThrRha. Upper part: Immunodetection of BSA-Serα-/β-Rha,
BSA-Asnα-/β-Rha and EF-PRha. Lower part: Immunodetection of varying concentrations of BSA-Thrβ-Rha and BSA-Serβ-Rha. (C) Cross-reactivity analysis
of anti-ThrRha against L-rhamnose, L-Thr and L-Ser. Anti-ThrRha was preincubated prior to immunodetection with BSA-Thrα-/β-Rha (150 µM),
L-rhamnose, L-Thr and L-Ser (15 mM). (D) Anti-ThrRha sensitivity analysis: immunodetection of varying concentrations of BSA-Thrα-/β-Rha. Antibody
concentrations were kept constant at 0.2 mg ml−1.
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Thr (ESI Fig. 7C†). It should be noted however, that the
cognate antigen/antibody pairing was always superior (Fig. 2B
lower part, and ESI Fig. 6 and 7†). Interestingly, whereas the
anti-SerRha antibody recognized almost exclusively the β-O-
rhamnosylated glycopeptide BSA conjugate (Fig. 2A and ESI
Fig. 6A†), no such anomeric preference was observed for the
other antibodies. Finally, none of the antibodies was found
cross-reactive with naturally occurring oligosaccharides carry-
ing L-rhamnose at the reducing end linked to Asn or Ser/Thr.
Thus, immunoblotting experiments with the S-layer protein
from Geobacillus stearothermophilus, characterized by a
N-rhamnosylated trisaccharide repeating unit,34 as well as with
the O-rhamnosylated flagellar filament protein FliC from
P. aeruginosa35 turned out negative and clearly demonstrate
the desired specificity of the antibodies for monorhamnosyla-
tion (ESI Fig. 9†). With the rhamnosylation-specific antibodies
anti-SerRha, anti-ThrRha and anti-AsnRha at hands, we aimed at
detection of rhamnosylated endogenous proteins from distinct

phyla (Fig. 3A). Since thus far monorhamnosylation of proteins
has only been reported for bacteria,8,14–16 we have restricted
our selection to prokaryotes and in particular to those microor-
ganisms known to synthesize nucleoside diphosphate (NDP)–
rhamnose (e.g. as donor substrate for EF-P-Arg rhamnosyla-
tion14). The only exceptions in this regard are Micrococcus
luteus and Staphylococcus aureus which lack the corresponding
NDP–rhamnose pathways and served as negative controls. To
cover all potential rhamnosylation motifs, the already known
anti-ArgRha antibody17 was also included in the study.
Sensitivity analysis based on 109 cells per western blot allowed
estimation of the lower detection limit to be in the range of
60–150 rhamnosylation events per cell. This in turn should
reveal most of the putative rhamnoproteome. To enhance sen-
sitivity, the flagella of swimming bacteria were isolated, and
cells were further separated into cytosol and membrane frac-
tions prior to immunoblotting. Cellular fractionation does not
only allow for conclusions on the localization of detected gly-

Fig. 3 (A) Phylogenetic distribution of microorganisms selected for rhamnoproteome analysis. Depicted is a rooted phylogenetic tree based on 16s
rDNA sequences. The tree was calculated using ClustalX and visualized using iTOL. Bootstrap values (0–1000) are given as transparent circles. The
circle size indicates the probability of correct branching with the largest circles having a bootstrap value of 1000 and the smallest circle with a boot-
strap value of 533. A star marks those bacteria in which monorhamnosylation was detected. Black font indicates for a known NDP–rhamnose bio-
synthesis pathway, whereas a red font marks those bacteria where the respective genes are absent. (B) Immunodetection of rhamnosylated proteins
using anti-ArgRha, anti-AsnRha, anti-SerRha and anti-ThrRha. Prokaryotic samples were separated into cytosolic (C) and membrane (M) fractions and
subjected to SDS-PAGE and subsequent Western Blot analysis with 0.2 mg ml−1 of the corresponding antibody. (C) Immunodetection of M. phlei
rhamnoproteins from different growth phases. Arrows indicate the different time points of sample collection. Immunodetection is exemplified for
anti-ThrRha (0.2 mg ml−1).

Communication Organic & Biomolecular Chemistry

Org. Biomol. Chem. This journal is © The Royal Society of Chemistry 2020

Pu
bl

is
he

d 
on

 2
4 

A
ug

us
t 2

02
0.

 D
ow

nl
oa

de
d 

by
 L

ud
w

ig
 M

ax
im

ili
an

s 
U

ni
ve

rs
ita

et
 M

ue
nc

he
n 

on
 9

/2
/2

02
0 

3:
23

:1
5 

PM
. 

View Article Online

https://doi.org/10.1039/d0ob01289k


coproteins but also accumulates those rhamnopeptides
present in the membrane or being part of the flagellum. This
enrichment is important since many prokaryotic protein glyco-
sylation events occur on cellular appendages or membrane
proteins.8,36–39 While protein monorhamnosylation was not
detected in the selected archaea, bands indicative of rhamno-
proteins were readily identified in immunoblotting experi-
ments with different bacterial phyla (Fig. 3B). Specifically,
N-rhamnosylation was detected in both Gram-negative and
Gram-positive species, whereas O-rhamnosylation was mainly
observed in the latter. Rhamnoproteins appeared to be both,
membrane-bound and cytosolic, while flagellin rhamnosyla-
tion was not detected (Fig. 3B and ESI Fig. 11†). In addition,
significant differences in the relative abundance of mono-
rhamnosylated proteins were revealed for various bacteria.
While EF-P seems to be the only rhamnoprotein in P. putida,
multiple rhamnoproteins were detected in Corynebacterium
glutamicum and Mycobacterium phlei. It is noteworthy, that for
the latter the dTDP-β-L-rhamnose biosynthesis pathway is
essential.40 Interestingly, the number of detected monorham-
nosylated proteins varied over the time of growth with an
additionally band appearing exclusively in the stationary phase
of M. phlei (Fig. 3C and ESI Fig. 10†).

Conclusion

In summary, new polyclonal antibodies for the specific
recognition of protein monorhamnosylation in bacteria
were developed from novel synthetic designer N- and
O-glycopeptide antigens. These anti-SerRha, anti-ThrRha and
anti-AsnRha antisera can be applied together with already
known anti-ArgRha antibodies as useful tools for biochemical
and proteomic studies, e.g. identifying potential N- and
O-rhamnosylation sites. Thus, we have successfully used the
complete set of antibodies in immunoblotting experiments to
detect novel monorhamnosylated proteins in various bac-
teria. The existence of rhamnose-modified proteins in several
bacterial species (8 out of 22 species tested) supports
the assumption that the already known regulatory
N-monorhamnosylation of translation elongation factor EF-P
is not an exception. Rather, protein monorhamnosylation
seems to be a more common PTM occurring across bacterial
family boundaries. Ongoing research on the rhamnopro-
teome, for which the present study is the starting point, will
require determination and (functional) characterization of
the specific protein glycosylation sites. This will not only
expand our knowledge of the bacterial glycoproteome but
might potentially open a new way for combating infectious
and antibiotic-resistant bacterial diseases.
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pe as novel structural requirement
for protein arginine rhamnosylation†

Liubov Yakovlieva, ‡a Thomas M. Wood, ‡bc Johan Kemmink,a

Ioli Kotsogianni, b Franziska Koller, d Jürgen Lassak, d Nathaniel I. Martin *b

and Marthe T. C. Walvoort *a

For canonical asparagine glycosylation, the primary amino acid sequence that directs glycosylation at

specific asparagine residues is well-established. Here we reveal that a recently discovered bacterial

enzyme EarP, that transfers rhamnose to a specific arginine residue in its acceptor protein EF-P,

specifically recognizes a b-hairpin loop. Notably, while the in vitro rhamnosyltransferase activity of EarP

is abolished when presented with linear substrate peptide sequences derived from EF-P, the enzyme

readily glycosylates the same sequence in a cyclized b-hairpin mimic. Additional studies with other

substrate-mimicking cyclic peptides revealed that EarP activity is sensitive to the method used to induce

cyclization and in some cases is tolerant to amino acid sequence variation. Using detailed NMR

approaches, we established that the active peptide substrates all share some degree of b-hairpin

formation, and therefore conclude that the b-hairpin epitope is the major determinant of arginine-

rhamnosylation by EarP. Our findings add a novel recognition motif to the existing knowledge on

substrate specificity of protein glycosylation, and are expected to guide future identifications of

rhamnosylation sites in other protein substrates.
Introduction

Protein glycosylation, an enzymatic process in which a carbo-
hydrate or glycan is covalently added to a specic amino acid
residue, is one of the most ubiquitous post-translational
modications in nature.1 Glycosylation confers specic prop-
erties on the acceptor protein, such as increased solubility,
protection from degradation, tagging for transport or destruc-
tion, interaction with receptors, or functional activation. As
a result, protein glycosylation inuences a myriad of biological
processes in all kingdoms of life.

Protein asparagine N-glycosylation is universally present and
fairly conserved across species, and it involves the en bloc
transfer of an oligosaccharide from a lipid-linked carrier to an
acceptor protein, catalyzed by a membrane-associated glyco-
syltransferase, such as eukaryotic OST and prokaryotic PglB.2,3
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tion (ESI) available. See DOI:

of Chemistry 2020
The requirements for the primary sequence and structural folds
are well-established for canonical N-linked glycosylation. In
general, asparagine residues are modied in so-called
“sequons” – recognition sequences of N-X-S/T, with X being
any amino acid except proline.4 In addition, PglB of C. jejuni
recognizes an extended sequon of D/E-Z-N-X-S/T (Z and X s
Pro).3 The X residue (+1) and Ser/Thr residue (+2) have been
shown to play an important role in acceptor recognition by
glycosyltransferases.5 In the co-crystal structure of the bacterial
oligosaccharyltransferase PglB, the acceptor peptide was shown
to adopt a distinct bound conformation, featuring the recog-
nition sequon in a 180 degree loop.6 This structure would be
impossible to adopt with proline in the +1 position, explaining
the negative selection for Pro in the glycosylation sequon.5 The
+2 hydroxy amino acid has been shown to contribute to recog-
nition by interacting with the conserved WWD motif in PglB.
Interestingly, when bound in the active site, Thr in position +2
has been shown to be engaged in more stabilizing interactions
than Ser in position +2 which is reected in faster glycosylation
rates of Thr-containing sequons.6,7 Another important aspect of
N-linked glycosylation is the mechanism of asparagine activa-
tion for nucleophilic attack. One of the early explanations
implied the importance of the local secondary structure, namely
the Asx turn (Fig. 1A).8 Within this structure, protonation of the
Asn-amide carbonyl by the hydroxyl of the +2 Ser/Thr residue, in
combination with deprotonation of nitrogen by an enzymatic
base would result in the formation of a reactive imidol species
Chem. Sci.
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Fig. 1 (A) Asx-turn: proposed secondary structure formed by the sequon amino acids. The amide group of Asn is forming H-bonds with the side
chain hydroxyl of the +2 amino acid. (B) Deprotonation by the enzymatic base leads to the formation of the activated imidol species. (C) The
twisted amide as alternative hypothesis for Asn activation. (D) b-turn secondary structure, formed by reversing the direction of the chain over four
residues, stabilized by interstrand H-bonds. (H-bonds are showed as dashed lines). (E) Rhamnosylation of EF-P by EarP. Domain I of EF-P (amino
acids 1–65) is shown in orange.
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capable of carrying out the nucleophilic attack (Fig. 1B). An
alternative explanation of carboxamide activation in protein
glycosylation is the so-called “twisted amide” hypothesis
wherein activation of Asn occurs as a result of twisting the
nitrogen lone pair out of conjugation with the carbonyl group
(Fig. 1C).6,9 It is postulated that Asp and Glu residues in the OST
active site form H-bonds with amide hydrogens of the acceptor
Asn. As a result of this H-bond stabilization, de-conjugation of
the nitrogen lone pair electrons occurs, resulting in a more
nucleophilic nitrogen primed for attack.

Studies have demonstrated that peptides forced into the Asx
turn exhibited increased affinity and faster glycosylation rates in
comparison to linear peptides or b-turn peptides (Fig. 1D).10

Despite the clear three amino acid sequon in the substrate
protein, not all predicted N-X-S/T sites are found to be glyco-
sylated which indicates the role of additional recognition
elements. A statistical analysis of eukaryotic N-glycosylation
sites revealed that there is a preference for b-turns and -bends
around the glycosylation site, whereas a-helices are dis-
favored.11 Additionally, it has been demonstrated that similarly
to eukaryotic protein glycosylation, which occurs co-
translationally on unfolded polypeptides, bacterial protein
glycosylation preferentially takes place on glycosylation sites
located in exposed loops and benets from moderate structure
disorder of the acceptor protein.12 Interestingly, while O-glyco-
syltransferases do not generally require a specic recognition
sequence in their acceptor substrates, several recent examples
indicate the preference for properly folded substrate domains,
implying a fold recognition mechanism instead.13,14

In addition to the well-established forms of protein glyco-
sylation, novel glycosylation systems have been discovered that
are unique to bacteria.15 Recently, arginine rhamnosylation was
identied as a novel type of N-glycosylation.16,17 Here the
Chem. Sci.
enzyme EarP transfers a rhamnose moiety from dTDP-b-L-
rhamnose (TDP-Rha) to a specic arginine residue in the
acceptor translation elongation factor P (EF-P) (Fig. 1E).16,18

Arginine glycosylation is a rare modication with only two other
examples reported to date, i.e. autocatalytic modication of Arg
with glucose (Glc) of sweet corn amygdalin,19 and with N-ace-
tylglucosamine (GlcNAc) of human death receptor domains by
the bacterial effector protein NleB.20

Genes associated with the newly discovered EF-P rhamnosyla-
tion (earP, efp, and rmlABCD genes for dTDP-b-L-rhamnose (TDP-
Rha) donor synthesis) have been identied predominantly in
beta- and gamma-proteobacteria, including multiple clinically
relevant pathogens, e.g. Pseudomonas aeruginosa, Neisseria menin-
gitidis, and Bordetella pertussis.16 The rhamnose modication has
been shown to activate EF-P which alleviates ribosomal stalling
during the synthesis of poly-proline stretches in nascent poly-
peptides.21–23 Abolishing rhamnosylation of EF-P in P. aeruginosa
and N. meningitidis led to cellular effects that were detrimental to
bacterial tness and increased susceptibility to antibiotics.18,24 It is
hypothesized that these severe effects are associated with impor-
tance of polyPro-containing proteins and virulence factors of
investigated bacterial pathogens for their survival.18,24

Since the discovery of EF-P rhamnosylation in 2015, a number
of studies have contributed to an increased understanding of this
unique system. The stereochemistry of the a-glycosidic linkage
between Arg and Rha was shown by two research groups inde-
pendently,25,26 proving that EarP is an inverting glycosyltransfer-
ase. An anti-ArgRha antibody has also been developed, allowing for
facile (in vitro) monitoring of arginine rhamnosylation.25,27 Several
(co)-crystal structures have been reported for EarP (from P.
putida,27 N. meningitidis28 and P. aeruginosa29), also in complex
with its EF-P substrate, providing insight into the specic amino
acid interactions and the catalytic mechanism of rhamnosylation.
This journal is © The Royal Society of Chemistry 2020
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As only a single Arg residue in EF-P is modied, an important
yet unexplored aspect of this novel glycosylation system is the
basis for the observed specicity in recognizing this arginine
residue. Previous reports indicate that domain I of EF-P (aa 1–
65, Fig. 1E) is sufficient for recognition and rhamnosylation by
EarP.27 Domain I, commonly referred to as a “KOW-domain”,27

is a conserved domain in various ribosome-associated proteins
involved in transcription and translation,30 and it appears to
contain all recognition elements necessary to promote Arg
rhamnosylation.27–29 A recent study indicates that structural
elements are more important than a specic sequon to promote
EarP-mediated rhamnosylation.31 However, the precise deter-
minants for recognition by EarP are currently not known.
Elucidating the necessary substrate recognition elements will
allow us to more fully understand this unique bacterial system,
an important step towards exploiting bacterial glycosylation
systems for the development of novel anti-virulence strategies.32

Here we report the discovery of a novel b-hairpin recognition
element in arginine rhamnosylation of EF-P from P. aeruginosa.
Using in vitro rhamnosylation assays and in-depth NMR studies
we demonstrate the importance of this key structural motif in
acceptor substrate recognition by EarP. Moreover, we report the
shortest peptide fragment known to date to be rhamnosylated
by EarP. Next to expanding the current knowledge on structural
requirements of protein glycosyltransferases, our results have
the potential to inform the development of inhibitors and
activity assays to screen for inhibitors for EarP based upon the
b-hairpin motif of the EF-P KOW domain.
Results
EarP does not rhamnosylate Arg in linear peptide fragments in
vitro

A common strategy for studying the activity of N-glycosyl-
transferases in vitro is using linear peptide fragments corre-
sponding to their protein substrate. We heterologously
expressed the rhamnosyltransferase EarP from P. aeruginosa
using a previously described procedure,29 and focused our
studies on the natural substrate EF-P_Pa. As a rst step in
deciphering the determinants of substrate recognition in argi-
nine rhamnosylation, we investigated a linear peptide fragment
comprised of eight amino acids (8mer, Table S1†). As can be
seen from the Fig. S1,† this fragment corresponds to the Arg32-
containing loop of EF-P. Unexpectedly, this linear peptide did
not prove to be a suitable substrate for EarP as no conversion
was observed under in vitro rhamnosylation conditions (anal-
ysis with RP-LCMS). These results suggest that EarP does not
rely exclusively on a specic amino acid sequence (primary
structure) in the protein substrate for recognition, suggesting
that there may be secondary structure requirements involved.
Arginine in an L-Pro–D-Pro-cyclized peptide is rhamnosylated
by EarP

As revealed in various structural studies,27–29 the acceptor
binding site of EarP is unusually large and multiple contacts
between active site residues of EarP and amino acids of domain
This journal is © The Royal Society of Chemistry 2020
I of EF-P are necessary for protein substrate recognition. Upon
examining the co-crystal structure of EarP and domain I of EF-P
from P. aeruginosa29 (PDB 6J7M) it is evident that the majority of
EF-P residues involved in binding to EarP are located in the b-
hairpin with Arg32 at its tip (Fig. 2A). Multiple EarP active site
residues are involved in acceptor protein recognition and form
both main-chain and side-chain promoted H-bonds, salt
bridges, and hydrophobic interactions (Table S2†). As can be
seen from Fig. 2A, a selected number of EF-P residues (Arg32,
Lys29, Ser30, Asn28, Val36, Phe54, Val53, Lys55) are involved in
binding to EarP suggesting that both sequence and shape of the
boundmotif are recognized, rather than just the target arginine.
The b-hairpin secondary structure appears to optimally position
Arg32 for binding in the EarP active site. Based on this inter-
action prole, we decided to explore the importance of
secondary structure in Arg-rhamnosylation by preparing
peptide mimics of the b-hairpin containing Arg32. Mimics of
the b-hairpin secondary structure have been extensively studied
over the years, and many structure-inducing templates have
been developed.33 One of the most widely used methods to
nucleate a b-hairpin structure is the introduction of an L-
proline/D-proline motif.33 This motif leads to a “kink” in the
sequence and brings the strands in close proximity to allow the
formation of secondary structure-stabilizing H-bonds between
the antiparallel strands.

Based on the sequences of EF-P proteins from P. aeruginosa,
Ralstonia solanacearum (a Gram-negative plant pathogen) and
N. meningitidis, the corresponding cyclic 11mer peptides
depicted in Fig. 2B were prepared using solid-phase peptide
synthesis (SPPS) starting from Gly31 loaded onto 2-chlorotrityl
resin with the peptides assembled terminating with Arg32 (see
ESI† for details). Following mild acid treatment, the side-chain
protected peptides where then cyclized by amide bond forma-
tion between Gly31 and Arg32 by activation of the C-terminal
Gly to avoid any possible racemization. Solution-phase cycliza-
tion of these peptides proceeded cleanly aer which side chain
deprotection and HPLC purication provided the desired cyclic
peptides (Table S1†). The peptides were tested in the in vitro
rhamnosylation reaction with EarP_Pa and TDP-Rha, and the
rhamnosylated products were identied by an increase in the
mass of +146 Da with RP-LCMS. Gratifyingly, the prepared cyclic
peptides revealed successful modication by EarP, albeit to
varying extents. The best substrate identied was the L-Pro–D-
Pro-cyclized 11mer fragment of EF-P from P. aeruginosa
(11mer_Pa, 85% conversion overnight). The extent of rhamno-
sylation was calculated from ion intensities in the MS spectra
and corrected for the relative ionization factor (RIF) values
(Table S3†),34 as described in the ESI.† A detailed kinetic anal-
ysis of the rhamnosylation of 11mer_Pa and native protein
substrate EF-P was obtained through a time course study. This
analysis revealed that the cyclic 11-mer is indeed rhamnosylated
in a time-dependent manner albeit with a lower rate of
conversion relative to EF-P (Fig. S2†).

Interestingly, follow-up experiments with both shorter and
longer cyclic peptides inspired by the successful 11mer_Pa
peptide, revealed that the 11mer peptide (nine native amino
acids, plus the L/D-Pro motif) was favored as a substrate, as EarP
Chem. Sci.
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Fig. 2 (A) EarP–EF-P complex from P. aeruginosa (generated with YASARA, PDB 6J7M). EarP is depicted in grey, domain I of EF-P is colored red,
EF-P residues involved in binding with EarP are in green. (B) Cyclic peptide mimics of the EF-P b-hairpin. Arg32 is shown in pink, altered residues
(with respect to 11mer_Pa) are shown in blue. (C) Zoom-in of the coupled HSQC spectrum of crude Rha-11mer_Pa reaction mixture. JCH ¼
168 Hz (a-glycosidic bond). (D) Experimentally determined NOE signals that are indicative of a b-hairpin structure are mapped on the 11mer L-
Pro–D-Pro_Pa fragment (from 3OYY crystal structure). Hydrogen bonds inferred from the NH temperature studies are shown as red dashed lines.
NOE signals are shown as double-ended arrows (magenta: medium NOE; purple: weak NOE).
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exhibited no activity towards the shorter (7mer_Pa) and only low
levels of conversion (14%) were achieved with the longer
(15mer_Pa) fragment. Detailed NMR analysis of the rhamno-
sylated 11mer_Pa peptide (Rha-11mer_Pa, prepared enzymati-
cally) revealed that the rhamnose-arginine glycosidic linkage
was formed in an a-stereoselective fashion (Fig. 2C and S3†),
identical to the linkage described for Arg-rhamnosylation of EF-
P.25,26 Interestingly, our initial attempts at purifying Rha-
11mer_Pa using anion-exchange under basic conditions, led to
full epimerization to the b-linked Arg-Rha species (Fig. S4†), in
accordance with previous observations by Payne and co-
workers.26
EarP allows for sequence promiscuity, but it is sensitive to the
cyclization strategy

Encouraged by the successful rhamnosylation of 11mer_Pa, we
set out to map the promiscuity of EarP for the amino acid
sequence surrounding Arg32. To this end, the 11mer fragments
of EF-P sequences from R. solanacearum and N. meningitidis
were tested in the rhamnosylation reaction with EarP from P.
aeruginosa (Fig. 2B). Interestingly, the 11mer_Rso peptide with
two amino acid mutations compared to 11mer_Pa showed low
levels of conversion (14% overnight), whereas the 11mer_Nm
peptide bearing ve mutations was not accepted as a substrate.
While these cyclic 11mer peptides do not show high conversion
Chem. Sci.
with EarP_Pa, this does not exclude the possibility that they may
be substrates for their associated native enzymes EarP_Rso and
EarP_Nm, respectively.

The co-crystal structure of EF-P bound to EarP revealed that
Ala34 in EF-P undergoes a signicant conformational change.29

It appears that upon binding to EarP, the “bulge” formed by
Ala34 is signicantly reduced, leading to a more narrowly sha-
ped and structured loop than that in free EF-P. To investigate
whether Ala34 and the concomitant conformational movement
are important for binding, the residue was completely removed
in peptide 11mer_A34_Pa. Interestingly, this substrate was not
rhamnosylated by EarP, suggesting that the Ala34 bulge is
important for recognition. Whereas the co-crystal structure
suggests that Ala34 is not directly involved in binding to EarP,29

it is reasonable to assume that this residue contributes to
shaping the b-hairpin, which in turn positions Arg32 in the
active site. This was further corroborated by substituting Ala34
with glycine (11mer_A34G_Pa), a smaller and more exible
amino acid. This mutant retained its role as a substrate for
EarP, albeit with reduced efficiency (41% conversion).

Next, alternate cyclization strategies were compared to
assess their impact on recognition by EarP (Table S1, Fig. S5†).
Specically, peptides of varying lengths, based upon the same
key EF-P amino acid substrate sequence, were synthesized and
cyclized using CLIPS-35 (Chemical Linkage of Peptides onto
Scaffolds) and disulde strategies36 to introduce
This journal is © The Royal Society of Chemistry 2020
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conformational rigidity and exibility, respectively. In addition,
we also prepared linear peptides containing the same EF-P
sequence with Trp and Phe residues to introduce a so-called
“tryptophan zipper” motif known to induce interstrand H-
bonding as another means of generating a b-turn mimic.37

Notably, the majority of the trp-zip designs (especially longer
sequences of 13mers, 17mers and 18mers) led to almost
immediate protein precipitation when incubated with EarP,
indicating that the hydrophobicity of these substrates mimics is
not compatible with forming and maintaining a soluble
complex with the enzyme.
NMR studies reveal b-hairpin formation in the active peptide
substrates

Suitable EarP substrates were further investigated with several
NMR techniques to gain understanding of the secondary
structure, with the most pronounced effects depicted in the
Fig. 2D. By performing temperature studies of the chemical
shi of amide-hydrogens, two NH groups (Asn28 and Asn33)
with low temperature coefficients were identied (Table S4†),
indicative of the b-hairpin-forming interstrand hydrogen bonds
(dashed lines). Additionally, a number of characteristic Nuclear
Overhauser Effect (NOE) signals (medium and weak) were
observed, indicative of the b-hairpin secondary structure (Table
S5†). Interestingly, the majority of the observed NOE signals
that are characteristic of a b-hairpin structure (Asn28NH-
Val36NH, Lys29HA-Val36NH, Lys29HA-Ala35HA, Ser30NH-
Ala35HA) are clustered in close proximity to the L-Pro–D-Pro
motif, which supports the ability of this template to induce the
twist of the peptide structure and consequently bring the
strands together for H-bonding. As can be seen from the Fig. 2D
this structure-inducing effect of the L-Pro–D-Pro template tapers
off towards the Ala35 residue, as the bulge most likely does not
allow strands to come close together. Finally, the NOE signals
and another H-bond (Asn33) re-appear around Arg32, presum-
ably induced by the Gly31-Arg32 b-turn.

Compared to the original 11mer_Pa peptide, the 11mer_-
A34G_Pa variant features only one of the two H-bonds (NH of
Asn28, Table S4†) and several NOE signals are missing (K29HA-
V36NH, S30NH-A35HA, Table S5†). It was also shown to exhibit
more exibility, presumably due to the inclusion of the inher-
ently more exible glycine in the loop. In the case of 11mer_-
A34_Pa, that showed no conversion to product, only very few
structural elements were preserved (sequential NOE signals of
P27HA-N28NH and R32NH-N33NH, Table S5†), and the struc-
ture was found to lack one of the two H-bonds (NH of Asn33,
Table S4†) present in the 11mer_Pa that enable the formation of
the b-hairpin structure. The 11mer_Rso variant structure has
both H-bonds found in 11mer_Pa (NH of Ser28 and Asn33,
Table S4†) and more of b-hairpin characteristic NOEs, although
S28NH-V36NHwas absent (Table S5†). On the other hand, it was
not possible to determine the structure of the 11mer_Nm
peptide, as it appears to be a mixture of several structures due to
cis/trans isomerization of Pro residues. It is therefore difficult to
conclude whether absence of conversion for 11mer_Nm peptide
stems from the sequence variation or lack of structure. NMR
This journal is © The Royal Society of Chemistry 2020
analysis of the structures of the linear peptide, CLIPS-, disulde-
and Trp-rich peptides showed that these peptides tend to form
disordered structures and show close to none of the b-sheet
structure (see ESI† NMR spectra of these peptides).

EarP has a low binding affinity for 11mer_Pa

In order to study the binding between EarP and 11mer_Pa
peptide different experimental methods were employed.
Saturation-Transfer Difference (STD) NMR is a widely employed
strategy to observe binding between proteins and ligands, even
at low binding affinities.38 However, several attempts at
measuring STD-NMR for the EarP-11mer_Pa peptide complex,
in the presence and absence of TDP, provided no denitive
proof of binding affinity (data not shown). Similarly, attempts to
identify the amino acid residues of 11mer_Pa involved in
binding to EarP with (TR)-NOE measurements proved unsuc-
cessful (data not shown), presumably due to the low affinity
between the protein and the peptide substrate. In a nal
attempt to quantify the binding affinity of EarP for the best
substrate 11mer_Pa, Isothermal Titration Calorimetry (ITC)
studies were performed. Tight binding of the native protein
substrate EF-P was measured with a binding constant Kd of 473
� 94 nM for EarP (Fig. 3A), in agreement with reported values.29

Conversely, binding of 11mer_Pa to EarP could not be detected
by ITC using a range of increasing concentrations (Fig. 3B).
Even a displacement experiment, in which EF-P was titrated
into a solution of pre-formed 11mer_Pa–EarP–TDP complex, did
not reveal binding of 11mer-Pa to EarP (data not shown). The
absence of clear results from the STD-NMR and ITC suggest that
the binding affinity of EarP for 11mer_Pa is too low (mM range
or higher) to clearly visualize and quantify using such
techniques.

The rhamnosylated b-hairpin peptide is recognized by anti-
ArgRha antibodies

Finally, we investigated the structural similarity between
rhamnosylated EF-P (Rha-EF-P), and the in vitro rhamnosylated
cyclic peptide (Rha-11mer_Pa). In previous studies, antibodies
against the Rha-Arg modication were raised using synthesized
linear Rha-peptide coupled to BSA.27 To determine binding of
the anti-ArgRha antibodies to the rhamnosylated cyclic peptide,
we performed a dot blot affinity assay using freshly rhamnosy-
lated 11mer_Pa (Rha-11mer_Pa) and Rha-EF-P as a control. As
can be seen in Fig. 3C, a clear uorescent signal belonging to
the formation of Rha-11mer_Pa (C2) was observed well into low
micromolar concentration (up to 4 mM). As can be seen from the
Fig. 3C, a similar, albeit more intense signal was obtained for
the native substrate (Rha-EFP, C1). At the same time, identical
concentrations of non-modied substrates were not detected in
this assay (Fig. 3, C3 and C4). Interestingly, a similar dot blot
affinity study with the b-linked Rha-11mer_Pa product, seren-
dipitously obtained aer complete anomerization during anion
exchange chromatography under basic conditions (vide supra),
revealed very little binding to anti-ArgRha antibodies (Fig. S6†).
This establishes the selectivity of the antibodies for the a-
anomeric linkage in the Arg-Rha glycosidic bond.
Chem. Sci.
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Fig. 3 (A) ITC studies reveal strong binding between EF-P (233 mM) and EarP (20 mM) in the presence of 60 mM TDP. (B) No apparent binding was
observed between 11mer_Pa (10 mM) and EarP (20 mM) with ITC in the presence of 60 mM TDP. (C) Dot blot affinity assay of a two-fold serial
dilution of 35 mM Rha-EFP (C1) and 60 mM Rha-11mer_Pa (C2) binding to the anti-ArgRha antibody, and visualized using anti-rabbit Alexa488
secondary antibody. Non-rhamnosylated substrates are not recognized by the anti-ArgRha antibody (C3 and C4).
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Discussion

As protein glycosylation is a non-templated process, it is
generally governed by co-localization of the necessary enzymes
and substrates, and specic motifs in the protein substrate that
dictate glycosylation. A thorough understanding of the molec-
ular basis underlying site-specic glycosylation is paramount to
predicting protein glycosylation, and to combining that
knowledge with functional effects to fully understand the
impact of protein glycosylation on health and disease. As novel
bacterial protein glycosylation systems are identied at a steady
pace, knowledge of the chemical and structural requirements at
play is also increasing. Bacterial glycoproteins are oen
involved in cell homeostasis and the initiation of infection,
therefore the enzymes involved in production of bacterial
glycoproteins are interesting targets for the development of
novel antimicrobial strategies.

Here we report the successful rhamnosylation of a cyclic
peptide fragment, 11mer_Pa, designed to mimic the native EF-P
substrate of the EarP rhamnosyltransferase. This 11mer L-Pro–
D-Pro_Pa peptide is the smallest fragment of EF-P reported to
date to be successfully rhamnosylated by EarP. The combina-
tion of enzyme activity assays and NMR structural analysis
reveals that activity is directly linked to the propensity of the
cyclic peptide to form a structured b-hairpin motif. Moreover,
the glycosidic linkage is formed in an a-stereoselective fashion,
analogous to the native Rha-EF-P and the resulting a-Rha-11mer
epitope is successfully recognized by anti-ArgRha antibody. The
results of the various 11mer peptide mutants and different
cyclization strategies indicate that substrate recognition by the
EarP rhamnosyltransferase is highly dependent on the confor-
mation of the substrate and that some sequence variation is
tolerated. Developing a successful structural mimic of EF-P
beta-hairpin has proved to be challenging, as the majority of
the strategies for secondary structure stabilization investigated
Chem. Sci.
led to inactive substrates. It would appear that many of the
peptide mimics generated in this project are not able to reca-
pitulate important enzyme–substrate contacts in the enzyme
active site. In this regard, our study reveals that both specic
amino acid residues and an optimal secondary structure are
important for recognition by EarP.

The success of the substrate mimics bearing the L-Pro–D-Pro
motif may be attributed to the right-handed twist that brings
the strands together to allow the formation of H-bonds that
stabilize the secondary structure.39 In contrast, CLIPS-bearing
peptides may be too bulky to t in the narrow active site of
EarP, whereas disulde cyclization may induce too much rota-
tional freedom and a less dened b-hairpin. Trp zippers,
although widely reported in literature to form b-sheet struc-
tures, did not induce measurable secondary structures in the
peptides in our investigation, and proved to be too hydrophobic
to be suitable EarP substrates. Alternative methods of secondary
structure stabilization, such as N-methylation to reduce exi-
bility of the structure may be explored in the future.40

As apparent from the co-crystal structure, there are many
points of contact between EarP and EF-P that are likely to
contribute to substrate recognition (Fig. 2A). Interestingly,
while the majority of the EarP–EF-P contacts resides around the
Arg32-containing b-hairpin that we chose to mimic, several
residues of the neighboring b-strand have also been shown to be
involved in binding to EarP.29 Consequently, the low affinity of
11mer_Pa for EarP may be increased by extending the current
scaffold to include more contact points. Notably, residue Lys55
is a promising residue to consider, particularly as replacing it by
alanine resulted in a 200-fold decrease in affinity for EarP.29 One
strategy for improving the affinity for EarP and the rates of
conversion of future peptidomimetic substrates might include
incorporation of either a fragment of the third strand, or
a single Lys residue into the peptide. While it can be expected
that expanding the structure to include the b-sheet increases
This journal is © The Royal Society of Chemistry 2020
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the substrate affinity, b-sheets and other secondary structures
are difficult to design as isolated motifs. They are stabilized by
a larger protein structure they are found in, and without it, they
tend to misfold and aggregate.
Conclusion

Whereas the structural determinants for asparagine-linked
protein glycosylation are largely based on the primary
sequence (consensus sequence), our results suggest that for
bacterial arginine-rhamnosylation a specic secondary struc-
tural motif is required. The clear importance of secondary
structure, and more specically a b-hairpin motif, as the
minimal structural epitope for protein glycosylation may be
a unique characteristic of this class of enzymes. Taken together
these ndings show that the propensity of the (cyclic) peptides
to form a b-hairpin structure is an important substrate
prerequisite for EarP rhamnosyltransferase and can be directly
correlated to activity of the enzyme towards various peptide
substrates. This work provides important insights into the
recognition motifs for bacterial arginine rhamnosylation which
will be useful for the development of future substrate mimics or
structure-guided design of peptide inhibitors.
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Abstract 

Protein glycosylation is a ubiquitous post-translational modification that is involved in various 

important processes within and outside of the cell. N-linked glycosylation is generally carried 

out in the endoplasmic reticulum of eukaryotes and the periplasm of prokaryotes. Most proteins 

are modified at a highly conserved amino acid sequence. N-protein glycosyltransferases that 

target specific enzymes are thought to exhibit a high degree of substrate specificity. Here we 

characterized substrate specificity of the EF-P arginine rhamnosyltransferase EarP with 

respect to its acceptor and donor substrates. We show that target recognition by EarP is not 

sequence specific. Instead, we found that a structural motif – the strand-loop-strand motif of 

the EF-P acceptor loop – is sufficient for modification by EarP. Synthetic proteins carrying this 

motif were successfully modified by the rhamnosyltransferase in vivo. We also show that – 

upon overexpression – EarP displays an higher degree of acceptor substrate promiscuity; 

modifying even C-terminal arginine residues. We also found that EarP is capable of transferring 

sugars from donor substrates structurally similar to TDP-β-L-rhamnose and should be capable 

of utilizing UDP-activated sugars for transfer. Our results demonstrate that protein 

rhamnosylation might be a more widespread intracellular modification than previously thought. 

They also show that monoglycosyltransferases could also be used for synthetic protein 

modification within the cell, especially for synthesis of initial amino acid-sugar linkages.  

Keywords: TDP-Phenol, glycoengineering, Pseudomonas aeruginosa, Neisseria meningitidis 
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Introduction 

Glycosylation affects several crucial properties of proteins and is involved in the regulation of 

multiple cellular processes. Glycosyltransferases (GTs) constitute a group of ubiquitous 

enzymes that catalyze the synthesis of glycoconjugates by transferring an activated sugar 

residue to a corresponding acceptor. Glycosylation of proteins is one of the most common 

post-translational modification and is found to be structurally highly diverse. Usually, glycans 

are attached to the amid nitrogen of an asparagine side chain (N-glycosylation) or to the 

oxygen of a hydroxyl group of serine and threonine side chains (O-glycosylation). Eukaryotic 

and prokaryotic glycosylation mainly differs in structure and composition of glycans: eukaryotic 

diversity is based on monosaccharide building blocks, linkages, and branching patterns 

whereas prokaryotic glycans contain more than one hundred sugars (1). 

Understanding of the function of GTs is of interest from the perspective of a potential drug 

target as well as a key enzyme for the development of different therapeutics and vaccines 

which often depend on regio- and stereospecifically attached sugar moieties (2-5). To achieve 

desired precise glycosylation, which provide different properties and functions like solubility, 

folding, and resistance to proteases, prokaryotic glycoengineering has opened a new route (6-

8). As prokaryotic glycans differ remarkably from eukaryotic, engineering of prokaryotic 

glycosylation is necessary to allow the expression of glycosylated therapeutics. Intensive 

studies on substrate specificity and recognition motive on the acceptor side of different 

glycosylation systems laid the basis for glycoengineering.  

In the last years, great efforts had been made with the N-linked glycosylation system (pgl) of 

Campylobacter jejuni, which is similar to the eukaryotic pathway (9). Here, eukaryotic glycans 

are built by either enzymatic remodeling of the prokaryotic glycan structures on proteins or 

assembly of synthetic glycosylation pathways. The initial step is to build the key linkage of 

eukaryotic N-glycosylation; N-acetylglucoseamine (GlcNac) attached to asparagine. This is 

achieved by either de novo synthesis or a highly modified pgl operon. Further, the required 

glycan is synthesized on a lipid carrier and then flipped to the periplasm. The final transfer to 

the target protein is mediated by PglB, the oligosaccaryltransferase (OST) of the Pgl system. 

These approaches provide defined glycan structures, though it often needs further in vitro 

modification of the glycan structure and is complicated and expensive (10). A more direct way 

to build eukaryotic-like glycans is to use bottom-up construction. A promising study combined 

yeast biosynthesis enzymes, which produce the eukaryotic precursor glycan, with PglB, 

transferring the glycan to the target protein (11). The major disadvantage of this approach is 

the strikingly low transfer efficiency which is lower than one percent.  
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Due to intensive research in engineering of N-linked glycosylation, various glycosylations of 

non-target proteins are now possible. Investigation of alternative glycosylation pathways will 

further help to expand the substrate promiscuity and target sites. An interesting candidate is 

the GT EarP. In 2015, it was reported that EarP activates bacterial translation elongation factor 

P (EF-P) by monorhamnosylation of an arginine residue at the tip of the protein (12). EarP 

uses the activated sugar donor TDP-β-L-Rhamnose (TDP-Rha) as substrate and transfers the 

sugar directly to the arginine residue of the acceptor protein (13, 14). The glycosylation reaction 

takes place in the cytosol which makes EarP an interesting target for engineering. The 

subcellular location of PglB in the periplasm requests translocation of donor and acceptor 

substrates to the intermembrane space. Cytosolic glycosylation would facilitate present 

synthetic glycosylation approaches and additional increase the range of acceptor targets. 

Further, monoglycosylation of EarP could be useful in bottom-up constructions thereby 

avoiding polysaccharide trimming. Thanks to work of various research groups EarP has turned 

into one of the best characterized GT from a structural perspective (14-16) providing a unique 

opportunity for glycoengineering. To assess the potential of EarP as a synthetic GT, the natural 

substrate specificity with respect to donor and acceptor was investigated in this study. 
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Results and discussion 

EarP recognizes a strand loop strand structural motif with high sequence variability as 

acceptor substrate 

Generally, N-linked glycosylation occurs on highly specific sequence motifs. However, 

previous studies showed that subtle changes on elongation factor P from Escherichia coli are 

sufficient to make it a target of glycosyltransferase EarP (17). Although that might seem 

obvious, one has to note that EF-PEco belongs to a phylogenetic subgroup that is distinct from 

the one being activated by EarP: E. coli EF-P and its ortholog form from Pseudomonas putida 

KT2440 share only 30 % identity at the sequence level. Given their structural similarities on 

the other hand (18) suggest that sequence recognition is not the recognition mode for EarP. 

We were therefore interested whether changes in the P. putida EF-P acceptor loop 

composition would affect modification by EarP. Thus, we generated variants of P. putida EF-

P that harboured the acceptor amino acid arginine in any position of the acceptor loop (29-31, 

33-35) while replacing arginine at position 32 by alanine.  

 

Figure 1: Arginine walking challenges sequence context model. Top: Test for functionality of EF-P variants. In vivo activities 

were determined by measuring the β-galactosidase activities of E. coli MG1655 PcadBA::lacZ Δefp heterologously expressing 

pBAD24 P. putida EF-P variants, harbouring the acceptor amino acid arginine in any position of the acceptor loop (29-31, 33-35) 

while replacing arginine at position 32 by alanine. Additionally, strains encoded for the earP on a pBAD33 vector or sole empty 

vector. All strains were grown o/n in LB pH 5.8 and activity is given in Miller Units (MU). Means of three independent measurements 

are shown. Standard deviations from three independent experiments were determined. Bottom: Test for modification of EF-P 

variants. SDS-PAGE and subsequent Western blot analysis of strains listed in A) was performed. Expression of EF-P variants 

was verified using 0.1 µg/ml α6x His, while rhamnosylation was detected using 0.25 µg/ml αArgRha. 

 

Interestingly, while none of these EF-P variants was capable of alleviating ribosome pausing 

(Figure 1A), all of them showed clear modification after co-expression with the 

glycosyltransferase EarP (Figure 1B). This result shows that unlike other N-
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glycosyltransferases (19), EarP does not target a fixed sequence of amino acids. Previous 

studies indicated that regions beyond the acceptor loop of EF-P might get into contact with 

EarP (15, 16, 20). These contacts especially involve amino acids within beta strands β-3 and 

β-4 that precede and follow the acceptor loop. In addition, studies on the AIDA GT 

demonstrated recognition of a structural element that – much like the EF-P acceptor loop – 

consists of strand-loop-strand motif (21). We therefore wondered, whether the larger context 

of the KOW-like EF-P domain I is involved in directing the modification enzyme towards the 

target site without specific recognition of a sequence motif. We constructed variants of E. coli 

EF-P in which we replaced the unstructured region of domain III by the P. putida EF-P acceptor 

loop together with the surrounding beta strands (Figure 2A).  

  

Figure 2: Sequential truncation of EF-PPpu peptides reveales minimal acceptor motif. A) Schema illustrating the structure of 

P. putida EF-P (left) and E. coli EF-P (right) carrying the EF-PPpu acceptor loop (blue). The P. putida EF-P acceptor loop (Ω) 

including different portions of the surrounding β-strands 3 (β3) and 4 (β4) replaced the unstructured region of domain III of EF-

PEco.  B) Test for modification of EF-PEco carrying truncated versions of the EF-PPpu acceptor loop. O/n cultures of E. coli BW25113 

cells heterologously expressing EF-PPpu or EF-PEco– EF-PPpu acceptor loop constructs (pBAD24) together with earP (pBAD33) 

were subjected to SDS-PAGE (top) and subsequent Western blot (bottom) analysis using 0.25 µg/ml αArgRha. 

We chose this construct to facilitate formation of the strand-loop-strand motif by providing a 

surrounding protein scaffold. The initial construct contained all 13 amino acids of β-3 and all 

10 amino acids of β-4 and showed clear modification by EarP after immunostaining using 

rhamnosylarginine specific antibodies (Figure 2A, right) (13, 14). To narrow down relevant 

regions for target recognition within this construct we successively shortened both of the b-

strands. Interestingly, all constructs that contained at least two amino acids of beta strands β-

3 and β-4 showed a modification signal after immunoblotting. Only the construct that contained 

the EF-P acceptor loop without any of the surrounding amino acids did not show a signal of 

modification (Figure 2A, right). This is in line with observations that EarP relies on structured 

peptides for target recognition (20). 
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Figure 3: Truncated EF-P loop fusions lead to rhamnosylation of non-target proteins. A) Schema illustrating the structure of 

the mcherry (orange) carrying the EF-P acceptor loop (blue). Mcherry carried the EF-P acceptor loop (Ω) of P. putida together 

with different portions of the surrounding β-strands 3 (β3) and 4 (β4).  B) Test for modification of mCherry carrying truncated 

versions of the EF-P acceptor loop. O/n cultures of E. coli LMG194 cells heterologously expressing mCherry – EF-P acceptor 

loop constructs (pBAD-HisA) together with or without earP (pBAD33) were subjected to SDS-PAGE (top) and subsequent Western 

blot (bottom) analysis using 0.25 µg/ml αArgRha. 

Having identified a minimal acceptor motif that is sufficient for arginine rhamnosylation by EarP 

we wanted to know, whether this motif could also be recognized and modified outside of a 

protein scaffold and terminal of an amino acid chain. We therefore constructed mCherry 

variants that carried the target motif together with different portions of the surrounding β-

strands (Figure 3A). Interestingly, the constructs allowed for even more drastic shortening of 

the acceptor motif, as even addition of the P. putida acceptor loop was sufficient to achieve 

EarP-dependent rhamnosylation of arginine (Figure 3B). To determine the minimal 

requirements for target modification at the terminal position, we continued to shorten the 

acceptor loop by one amino acid from each side. To our surprise, all of these shortened 

variants – including the one with only a terminal arginine - were still modified by EarP, albeit 

with an apparently lower efficiency than constructs with longer target motifs (Figure 3B, right). 

While these results indicate a remarkable and quite unexpected acceptor substrate promiscuity 

of the rhamnosyltransferase EarP, it has to be noted that both the unnatural target protein and 

the modification enzyme where overproduced in this context. Despite this, our findings are still 

a clear hint that – contrary to current belief – EarP might be able to modify more than just a 

single target protein. 
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Figure 4: EarP overexpression in E. coli leads to rhamnosylation of several high-molecular proteins.  In vivo rhamnosylation 

in E. coli BW25113 WT and ΔrmlD heterologously expressing EarP (*) was detected using anti-ArgRha (right). Expression of EarP 

was verified using 0.1 µg/ml α6x His (left). 

The effector arginine glycosyltransferase NleB from enteropathogenic E. coli (EPEC) has 

targets within the bacterial cell (22). Given the potentially larger than expected acceptor 

substrate spectrum, we were therefore interested, if EarP also engages in intracellular protein 

modification. Thus, we overexpressed the rhamnosyltransferase in E. coli BW25113 and 

JW2025 cells to test for both EarP and TDP-Rha dependent arginine modification. 

Immunoblotting using rhamnosylarginine specific antibodies showed that overexpression of 

EarP indeed leads to modification of several high-molecular proteins (Figure 4). The absence 

of a rhamnosylation signal in E. coli JW2025 cells overexpressing EarP confirmed that these 

modifications are dependent on the presence of TDP-Rha. Taken together, these results 

clearly show that the acceptor substrate spectrum of EarP is not limited to the cognate target 

protein EF-P. Accordingly, bacteria naturally expressing the rhamnosyltransferase might 

harbour additional rhamnoproteins that so far evaded detection by any of the common 

methods. This again highlights the urgent need for novel tools that enable efficient enrichment 

and detection of glycoproteins such as our rhamnoprotein specific antibodies (23).  

EarP is promiscuous in the nucleotide moiety of its donor substrate 

To better understand the substrate specificity of a GT, it is also interesting to investigate 

substrate analogues. As Leloir-type glycosyltransferase, EarP uses activated nucleotide 

sugars as donor substrates. The binding of the donor substrates TDP-Rha occurs in the protein 

C-domain and is mediated by several conserved amino acids (14-16). Both, the sugar and the 

nucleotide, are potentially involved in binding to EarP. Hence, we first tested related 

nucleotides and sugars separately in a competitive inhibition assay (Fig. 5). In this in vitro 

assay, unmodified EF-P and EarP were incubated with TDP-Rha and different potential 

inhibitors of the rhamnosylation reaction (Fig. 5A).  
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First, nucleotides comprising pyrimidine bases (TDP, UDP, CDP), as well as thymine and 

thymidine were examined for their inhibitory potential. The rhamnosylation reaction was 

prevented by TDP and UDP with a calculated Ki of 1.6 µM and 21 µM, respectively (Fig. 5C, 

table 1). These Ki values are in the same range as the KM of EarP with the natural substrate 

TDP-Rha (5 µM). The third pyrimidine derived nucleotide CDP was not able to inhibit the 

reaction. Thymine and thymidine did not show any inhibitory effect, indicating the importance 

of the phosphate group. To reveal the influence of the phosphate backbone in particular, 

nucleotide mono- and triphosphates of promising nucleotides were further examined (TMP, 

TTP and UTP). The thymidine nucleotides show minor inhibiting potential at high 

concentrations revealing the Ki of 118 µM for TMP and 160 µM for TTP whereas UTP did not 

inhibit the reaction. The α-phosphate group seem to a prerequisite for binding, whereas a 

triphosphate group strongly weakens the binding maybe due to steric hindrance.  

Second, we tested the inhibitory potential of the sugar moiety (Fig. 5B). Interestingly, rhamnose 

was not able to compete with the natural substrate. This indicates that the binding to EarP is 

rather regulated by the nucleotide- than the sugar-moiety of the substrate confirming structural 

studies (14). We further investigated the nucleotide sugar UDP-glucose, which did not show 

any inhibitory effect. Whereas the sole UDP nucleotide exhibited binding potential, the sugar 

moiety seems to be rather a steric prerequisite than part of binding to EarP.  

Lastly, the substrate analogue TDP-Phenol was tested due to its inhibitory potential which was 

shown for the TDP-Rha biosynthesis protein dTDP-6-deoxy-d-xylo-4-hexulose 3,5 epimerase 

(RmlC) (24). Here, we determined the lowest Ki value (0,32 µM). This shows not only the 

promiscuity towards the sugar moiety but also that EarP can be utilized as potential target for 

antimicrobial strategies. Inhibition of the glycosyltransferase could lead to loss of pathogenicity 

as this modification was shown to be important for pathogenicity of human pathogens (12, 25, 

26). 
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Figure 5: Inhibitors of the rhamnosylation reaction by EarP. A) + B) Inhibitory potential of different substrates of the 

rhamnosylation of EF-P by EarP were tested using an in vitro rhamnosylation assay. Fixed amounts of EF-PPpu (0.1 µM) and EarP 

(0.01 µM) were incubated with TDP-Rha (2.5 µM) and various concentrations of potential inhibitors and subjected to SDS-PAGE. 

EF-PRha was visualized after Western blotting using 0.25 µg/ml anti-ArgRha. Successful inhibitors of the rhamnosylation of EF-P 

are shown in A) whereas no inhibitory effect was detected for substances in B). C) Exemplary saturation curve of EarP with TDP. 

Band intensities from panel A (TDP) were quantified using ImageJ (27).  
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Conclusion 

Our findings challenge the current model for EF-P recognition and binding by the modification 

enzyme EarP. On the one hand, we were able to show that the natural donor substrate 

specificity of EarP is promiscuous towards UDP and variation in the phosphate backbone. On 

the other hand, we demonstrated that the acceptor substrate spectrum of EarP is not as narrow 

as was believed and goes beyond rhamnosylation of elongation factor P. This is unexpected 

for a dedicated glycosyltransferase and offers great potential both for gathering insights into 

cytoplasmic bacterial N-glycosylation and synthetic rhamnosylation of non-natural target 

proteins. Our finding that EarP modifies several peptides upon overproduction allows us to 

identify the corresponding proteins by mass spectrometry analysis. Subsequent search for 

homologous proteins in bacteria naturally encoding the rhamnosyltransferase such as 

Neisseria and Pseudomonas species will allow the identification of further intracellularly 

glycosylated proteins. Furthermore, the analysis of the corresponding target sites of these 

proteins will provide additional information on the exact mode of EarP target site recognition 

and modification. This in turn will allow the rational design of more sophisticated unnatural 

glycoproteins. Apart from this, analysis of naturally occurring motifs that are already similar to 

the ones targeted by EarP will allow the redesign of those proteins into glycoproteins. This 

synthetic addition of sugar molecules will provide additional insight into the function of such 

post-translational modifications and also offer functional opportunities. For example, the 

acceptor asparagine in the FC-region of IGG antibodies is located at the tip of a strand-loop-

strand structure that is highly similar to the EF-P acceptor region. Amino acid substitutions 

within the FC-region might therefore allow EarP-mediated rhamnosylation and ultimately the 

synthesis of precursor glycans that could be used for downstream processing into functional 

humanized sugar modifications. This prospect is especially tempting in combination with our 

data on the EarP donor substrate promiscuity. As the rhamnosyltransferase is already capable 

of accepting UDP-activated sugars, synthetic modification into a N-acetylglucosamin-

transferase through rational design of the active center appears to be feasible. In conclusion, 

our data on the substrate promiscuity of the rhamnosyltransferase EarP not only revealed hints 

for a more widespread distribution of this specific post-translational modification but also 

provides a framework for the rational design of novel glycoproteins.  
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Supplement  

Table 1:  

Substrate calculated 
Ki (µM) 

Thymidine N./A. 

Thymine N./A. 

TMP 118 

TDP 1.6 

UDP 21 

CDP N./A. 

TTP 160 

UTP N./A. 

TDP-Phenol 0.32 

Rhamnose N./A. 

UDP-Glucose N./A. 

GDP-Fucose N./A. 

 

Methods 

Growth Conditions 

All strains and plasmids used in this study are listed and described in table 2 and 3. P. putida 

and E. coli were routinely grown in lysogeny broth (LB) (28, 29) at 30°C (for P. putida) and 

37°C (for E. coli) aerobically under agitation, if not indicated otherwise. When required, media 

were solidified by using 1.5 % (wt/vol) agar. The medium was supplemented with antibiotics at 

the following concentrations when indicated: 100 mg/ml ampicillin sodium salt, 50 mg/ml 

kanamycin sulfate or 30 mg/ml chloramphenicol. Plasmids carrying the PBAD promoter (30) 

were induced with L-arabinose at a final concentration of 0.2% (w/v). Plasmids comprising the 

lac operator sequences were induced by adding isopropyl β-D-1-thiogalactopyranoside (IPTG) 

(Sigma-Aldrich).  

 

Table 2: 

Strain  Feature/ Genotype Reference 

E. coli DH5αλpir 
F- 80lacZΦM15 (lacZYA-argF)U196 recA1 hsdR17 
deoR thi-1 supE44 gyrA96 relA1/pir 

(31) 

E.coli BW25113 
F- λ - Δ(araD-araB)567 ΔlacZ4787(::rrnB-3) rph-1 
Δ(rhaDrhaB) 568 hsdR514 

(32) 

E.coli LMG194 
F- ΔlacX74 galE galK thi rpsL ΔphoA (PvuII) Δara714 
leu::Tn10  

(30) 

E.coli MG1655 wild-type; F- lambda- ilvG rfb50 rph-1 (33) 

E.coli BW25113 
ΔrmlD 

MG1655 PcadBA::lacZ Δ(cadBA) Δefp ΔrmlD (34) 

E.coli PcadBA::lacZ 
Δefp 

MG1655 PcadBA::lacZ Δ(cadBA) Δefp (34) 
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Table 3: 

Plasmid Feature/ Genotype Reference 

pBAD24 
AmpR-cassette, pBBR322 origin, araC coding 
sequence, ara operator 

(30) 

pBAD33 
CamR-cassette, p15A origin, araC coding sequence, 
ara operator 

(30) 

pBAD-HisA 
AmpR-cassette, pBR322-derived expression vector, 
promotor PBAD of the arabinose operon araBAD from 
E. coli and its regulatory gene araC 

Invitrogen 

pBAD33 earPPpu 
C-terminal His6-Tag earP version from P. putida 
KT2440 

(14) 

pBAD24 efpEco C-terminal His6-tagged E. coli efp  (35) 

pBAD24 efpPpu C-terminal His6-tagged P. putida efp (35) 

pBAD-HisA 
mcherry 

N-terminal His6-tagged mcherry  This study 

Arginine walking 
efpPpu 

   

pBAD24 
efpPpu_29R 

pBAD24 efpPpu, loop substitution variant K29R + 
R32A 

this study 

pBAD24 efpPpu_ 
30R 

pBAD24 efpPpu, loop substitution variant S30R + 
R32A 

this study 

pBAD24 
efpPpu_31R 

pBAD24 efpPpu, loop substitution variant G31R + 
R32A 

this study 

pBAD24 efpPpu_ 
33R 

pBAD24 efpPpu, loop substitution variant N33R + 
R32A 

this study 

pBAD24 
efpPpu_34R 

pBAD24 efpPpu, loop substitution variant A34R + 
R32A 

this study 

pBAD24 
efpPpu_35R 

pBAD24 efpPpu, loop substitution variant A35R + 
R32A 

this study 

Sequential 
truncation 
efpEco/efpPpuloop 

   

pBAD24 
efpEco_efpPpuβ13/10 

pBAD24 efpEco, substitution of domain III of EF-PEco 
by the P. putida EF-P acceptor loop with the 
surrounding β-strands (efpPpu AA16-45, β3 13/β4 10) 

this study 

pBAD24 
efpEco_efpPpuβ10/10 

pBAD24 efpEco, substitution of domain III of EF-PEco 
by the P. putida EF-P acceptor loop with the 
surrounding β-strands (efpPpu AA19-45, β3 10/β4 10) 

this study 

pBAD24 
efpEco_efpPpuβ8/8 

pBAD24 efpEco, substitution of domain III of EF-PEco 
by the P. putida EF-P acceptor loop with the 
surrounding β-strands (efpPpu AA21-43, β3 8/β4 8) 

this study 

pBAD24 
efpEco_efpPpuβ6/6 

pBAD24 efpEco, substitution of domain III of EF-PEco 
by the P. putida EF-P acceptor loop with the 
surrounding β-strands (efpPpu AA23-41, β3 6/β4 6) 

this study 

pBAD24 
efpEco_efpPpuβ4/4 

pBAD24 efpEco, substitution of domain III of EF-PEco 
by the P. putida EF-P acceptor loop with the 
surrounding β-strands (efpPpu AA25-39, β3 4/β4 4) 

this study 
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pBAD24 
efpEco_efpPpuβ2/2 

pBAD24 efpEco, substitution of domain III of EF-PEco 
by the P. putida EF-P acceptor loop with the 
surrounding β-strands (efpPpu AA27-37, β3 2/β4 2) 

this study 

pBAD24 
efpEco_efpPpuβ0/0 

pBAD24 efpEco, substitution of domain III of EF-PEco 
by the P. putida EF-P acceptor loop with the 
surrounding β-strands (efpPpu AA29-35, β3 0/β4 0) 

this study 

Mcherry constructs 
loop efpPpu 

   

pBAD-HisA 
mcherry_efpPpu 
β6/6 

pBAD-HisA mcherry, C-terminal fusion of P. putida 
EF-P acceptor loop (efpPpu AA23-41, β3 6/β4 6) 

this study 

pBAD-HisA 
mcherry_efpPpu 
β2/2 

pBAD-HisA mcherry, C-terminal fusion of P. putida 
EF-P acceptor loop (efpPpu AA27-37, β3 2/β4 2) 

this study 

pBAD-HisA 
mcherry_efpPpu 
β0/0 

pBAD-HisA mcherry, C-terminal fusion of P. putida 
EF-P acceptor loop (efpPpu AA29-35, β3 0/β4 0) 

this study 

pBAD-HisA 
mcherry_efpPpu 
β0/0 Ω-1/-1 

pBAD-HisA mcherry, C-terminal fusion of P. putida 
EF-P acceptor loop (efpPpu AA30-34, β3 0/β4 0 and 
Ω-1/-1) 

this study 

pBAD-HisA 
mcherry_efpPpu 
β0/0 Ω-2/-2 

pBAD-HisA mcherry, C-terminal fusion of P. putida 
EF-P acceptor loop (efpPpu AA31-33, β3 0/β4 0 and 
Ω-2/-2) 

this study 

pBAD-HisA 
mcherry_efpPpu 
β0/0 Ω-3/-3 

pBAD-HisA mcherry, C-terminal fusion of P. putida 
EF-P acceptor loop (efpPpu AA32, β3 0/β4 0 and Ω-3/-
3) 

this study 

 

 

Molecular biology methods 

Enzymes and kits were used according to the manufacturers’ directions. Plasmid DNA was 

isolated using a Hi Yield plasmid minikit (Süd-Laborbedarf GmbH). DNA fragments were 

purified from agarose gels by employing a Hi Yield PCR cleanup and gel extraction kit (Süd-

Laborbedarf). All restriction enzymes, DNA modifying enzymes and the Q5® high fidelity DNA 

polymerase for PCR amplification were purchased from New England BioLabs. 

All constructs were analyzed by Sanger sequencing (LMU Sequencing Service). Standard 

methods were performed according to the instructions of Sambrook and Russel (36). 

 

β-Galactosidase activity assay 

Cells expressing lacZ under the control of the cadBA promoter were grown in buffered LB (pH 

5.8) overnight (o/n) and harvested by centrifugation. β-Galactosidase activities were 

determined as described in reference (37) in biological triplicates and are given in Miller units 

(MU) (38). Standard deviations from three independent experiments were determined. 
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SDS-PAGE and Western Blotting 

Electrophoretic separation of proteins was carried out using SDS-PAGE as described by 

Laemmli (39). Separated proteins were visualized in gel using 0.5% (vol/vol) 2-2-2-

trichloroethanol (40) and detected within a Gel DocTM EZ gel documentation system (Bio-Rad). 

The proteins were transferred onto a nitrocellulose membrane by vertical Western blotting. 

Antigens were detected using 0.1 g/ml anti-His6 tag (Abcam, Inc.) or 0.25 g/ml of anti-ArgRha 

(13). Primary antibodies (rabbit) were the targeted by 0.2 g/ml alkaline phosphatase-

conjugated anti-rabbit IgG (H&L) (goat) antibody (Rockland). Target proteins were visualized 

by addition of substrate solution (50 mM sodium carbonate buffer, pH 9.5, 0.01 % [wt/vol] 

nitroblue tetrazolium, 0.045 % [wt/vol] 5-bromo-4-chloro-3-indolylphosphate (BCIP)). 

 

Protein purification 

Protein overproduction of His6-tagged EF-P and EarP was performed in E. coli LMG194 cells, 

grown in LB Miller at 37 °C, harboring the respective pBAD plasmid (table 3). During 

exponential growth, 0.2 % (w/v) was added to induce protein production. After two hours, cells 

were harvested by centrifugation and the resulting pellet was resuspended in 100 mM NaPi 

(pH 7.6). Cell lyses were lysed by sonication and proteins were purified from lysate using Ni-

nitrilotriacetic acid (Ni-NTA; Quiagen) according to the manufacturer’s instruction. 250 mM 

imidazole was used for elution of His6-tagged proteins and subsequently removed by dialysis 

(o/n + 4 h at 4 °C) in 100 mM NaPi (pH 7.6). The resulting proteins were used for in vitro 

rhamnosylation assays. 

 

In vitro rhamnosylation 

The inhibiting effects of different substrates were measured in an in vitro rhamnosylation assay. 

Therefore, unmodified EF-P (0.05 M) and EarP (0.005 M) were incubated at 30 °C for 5 min in 

100 mM NaPi (pH 7.6). To start the reaction, TDP-Rha (2.5 µM) and the respective inhibitor 

substrate at various concentrations were added. The reaction was stopped after 20 s of 

incubation at 30 °C by the addition of one volume twofold Laemmli buffer (39) and incubation 

at 95 °C for 5 min. Samples were subjected to SDS-PAGE and rhamnosylated  

EF-P was detected as described above. Band intensities were quantified using ImageJ (27). 

Ki values were determined by fitting reaction rates (in nanomoles per milligram per second) to 

the Michaelis-Menten equation. 
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Abstract
Thermally processed food is an important part of the human diet. Heat-treatment, 
however, promotes the formation of so-called Amadori rearrangement products, 
such as fructoselysine. The gut microbiota including Escherichia coli can utilize these 
compounds as a nutrient source. While the degradation route for fructoselysine is 
well described, regulation of the corresponding pathway genes frlABCD remained 
poorly understood. Here, we used bioinformatics combined with molecular and 
biochemical analyses and show that fructoselysine metabolism in E. coli is tightly 
controlled at the transcriptional level. The global regulator CRP (CAP) as well as the 
alternative sigma factor σ32 (RpoH) contribute to promoter activation at high cAMP-
levels and inside warm-blooded hosts, respectively. In addition, we identified and 
characterized a transcriptional regulator FrlR, encoded adjacent to frlABCD, as fruc-
toselysine-6-phosphate specific repressor. Our study provides profound evidence 
that the interplay of global and substrate-specific regulation is a perfect adaptation 
strategy to efficiently utilize unusual substrates within the human gut environment.
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2  |     GRAF von ARMAnSPERG Et Al.

1  | INTRODUC TION

Glycation is a non-enzymatic form of glycosylation and means a 
spontaneous reaction of amino compounds with reducing sugars 
such as glucose (Lassak et al., 2019; Ulrich and Cerami, 2001). The 
phenomenon was first described by Louis-Camille Maillard in 1912 
being predominantly responsible for the taste, aroma, and appear-
ance of thermally processed food (Maillard, 1912a; 1912b). Simple 
condensation products of primary amino groups at the N-termini of 
polypeptides or the ε-amino group of lysine and reducing sugars such 
as glucose are the most prevalent Maillard reaction products in food 
(Henle, 2003). These “sugar-amino acids” are also called “Amadori 
rearrangement products” (ARPs) (Amadori, 1925; Hodge, 1955). 
Protein-bound Maillard reaction products can be the result of a con-
densation reaction, taking place between an aldose or ketose and a 
primary amine either in form of an α-amino group at the N-terminus 
or an ε-amino group of lysine residues within the polypeptide chain. 
Bacteria, including Escherichia coli, Bacillus subtilis, and Salmonella 
enterica have evolved efficient strategies to use these ARPs as sole 
carbon source (Ali et al., 2014; Miller et al., 2015; Wiame et al., 2002; 
2004; 2005). Notably, the wide distribution of the ARP catabolism 
among the gut microbiota (Sabag-Daigle et al., 2018) further suggests 
that this carbon source plays an important role in colonizing the intes-
tinal environment (Barroso-Batista et al., 2020).

While there are numerous uptake mechanisms and diverse spec-
ificities toward glycation products in distinct microorganisms (Miller 
et al., 2015; Sabag-Daigle et al., 2018; Wiame et al., 2004), degrada-
tion follows a conserved route and can be illustrated by the E. coli 
Nε-fructoselysine (ε-FrK) metabolism. Upon uptake—presumably by 
the putative permease FrlA—a kinase FrlD phosphorylates the sugar 
moiety at the C6-position (Figure 1) (Wiame et al., 2002). In a sec-
ond step, the deglycase FrlB hydrolyses fructoselysine-6-phosphate 
(FrK-6P) into glucose-6-phosphate and lysine to be further processed 
via glycolysis and amino acid metabolism, respectively. Together with 
an additional Nε-psicoselysine/ε-FrK epimerase FrlC (Wiame and Van 
Schaftingen, 2004), the pathway is encoded in one single operon fr-
lABCD of thus far unknown regulation. In the present study we show 
that the E. coli ε-FrK catabolism is tightly controlled by positive and 
negative regulation. On the one hand, the global transcription fac-
tor CRP (CAP) as well as the sigma factor σ32 (RpoH) contribute to 
promoter activation. On the other hand, we identified the previously 
elusive regulator FrlREco, encoded adjacent to frlABCD, as an ε-FrK 
specific roadblock repressor. However, ε-FrK is not recognized di-
rectly but only upon phosphorylation. FrlREco itself is a member of 
the GntR/HutC family of transcriptional regulators recognizing the 
consensus sequence 5′-(N)yGT(N)xAC(N)y-3′. Binding of ε-FrK-phos-
phate presumably leads to structural rearrangements in the FrlREco 
transcriptionally active dimer, which in turn weakens DNA binding, 
and subsequently permits transcription of the frlABCD operon. Thus, 
we conclude that the interplay of global and substrate-specific reg-
ulation combined with a σ32 mediated transcription activation as 
response of colonization of a warm-blooded host is a perfect ad-
aptation to utilize thermally processed food within the human gut 
environment.

2  | RESULTS

2.1 | FrlREco is a putative GntR like transcriptional 
regulator

Wiame and coworkers noticed the presence of a putative regula-
tor, termed FrlREco, in the genomic vicinity of the ε-FrK degradation 

F I G U R E  1   Nε-fructoselysine metabolism in Escherichia coli. 
(a) Organization of the frlABCDR genome region. (b) Degradation 
of the ARP Nε-fructoselysine is a two-step reaction: First, a 
kinase FrlD phosphorylates the amino sugar, thereby forming 
fructoselysine-6-phosphate. In the second step, the deglycase FrlB 
hydrolytically cleaves sugar phosphate and amino acids into its 
two building blocks lysine and glucose-6-phosphate, the latter of 
which is directly shuffled into glycolysis. A further enzyme in the 
pathway, termed FrlC, is capable in catalyzing the epimerization of 
psicoselysine into fructoselysine
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pathway (Wiame et al., 2002). However, its role in controlling the 
frlABCD operon remained enigmatic. To elucidate the function of 
FrlREco, we started with a bioinformatic comparison and performed 
a multiple sequence alignment (Figure 2). This revealed sequence 
similarities to the B. subtilis orthologous regulator FrlR of the frl-
BONMD operon (Deppe et al., 2011), encoding the genes to me-
tabolize various α-glycated amino acids (Wiame et al., 2004). We 
also identified a distinct ortholog in S. enterica, termed FraR, being 
encoded immediately upstream of the fraBDAE operon, a gene 
cluster that is needed for degradation of fructoseasparagine (Ali 
et al., 2014). Taken together, E. coli FrlR is likely to be involved in  
substrate-specific regulation of ARP metabolism. The outcome of 
our blast search also suggests a common regulatory theme that ap-
plies to all ARP metabolizing organisms despite their distinct sub-
strate spectra.

We next used Phyre2 (Kelley et al., 2015) as well as the iTASSER 
suite (Yang et al., 2015) and performed a homology modelling to 
gain first molecular insights into a putative mode of action (Figure 3). 

This approach revealed the cytoplasmic regulator NagR (YvoA) of 
B. subtilis as structural homolog of FrlREco (identity: 29%/ similarity: 
51%) (Fillenberg et al., 2015; 2016; Resch et al., 2010). NagRBsu is a 
GntR type transcription factor, negatively regulating the genes from 
the N-acetylglucosamine-degrading pathway (Resch et al., 2010). 
Its C-terminal domain binds the effectors N-acetylglucosamine-
6-phosphate (GlcNAcP) or glucosamine-6-phosphate (GlcNP) 
(Fillenberg et al., 2015) and adopts a chorismate lyase fold, thus be-
longing to the UbiC transcription regulator-associated (UTRA) pro-
tein family (PF07702). The NagRBsu N-terminal part, moreover, is a 
winged helix-turn-helix (wHTH) DNA-binding domain. It is proposed, 
that in an allosteric coupling mechanism GlcNAcP binding to the 
UTRA domain promotes a loop-to-helix transition. This ultimately 
leads to a 122° rotation of the wHTH-domains in a so-called jumping- 
jack-like motion (Resch et al., 2010). As a result, DNA-binding is 
weakened and repression is abolished. Based on their structural 
similarities we thus speculate that NagRBsu and FrlREco might share a 
common molecular mechanism.

F I G U R E  2   Evolutionary conservation of amino acids in FrlR homologs. Multiple sequence alignment of FrlR/FraR/NagR proteins from 
Escherichia coli, Bacillus subtilis and Salmonella enterica. The multiple sequence alignment was generated using Clustal Omega (Sievers 
et al., 2011). Secondary-structure elements are shown and based on the NagRBsu crystal structure (4U0W): α-Helices and β-strands are 
colored in mint, salmon, and grey, respectively. N- and C-domain elements are numbered and marked with a subscript “D” (for DNA binding 
domain) and “E” (for effector-binding and oligomerization domain), respectively. Conserved residues are colored according to their degree 
of conservation with yellow (100%) and grey (≥80%). Degree of conservation is based on an alignment of 20 protein sequences that were 
collected from the NCBI database (Table S4). Amino acids important for function of NagRBsu are underlined either in black—being relevant 
for DNA-binding—or red—being relevant for coordination of the phosphate moiety of N-acetylglucosamine-6-phosphate. “*” depict amino 
acids whose substitution leads to an impaired FrlREco functionality
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2.2 | FrlREco delays growth on ε-fructoselysine

To see whether FrlREco functions as a repressor similarly to NagRBsu, 
we first performed a series of growth experiments with FrK. 
Initially, we reinvestigated the capability of E. coli K12 to utilize 
this ARP as sole carbon source. To this end, we monitored bacterial 
growth in M9 minimal medium (Miller, 1972) supplemented with ei-
ther 1 mM ε-FrK or 1 mM glucose, the latter serving as positive con-
trol (Figure 4a left). As demonstrated earlier (Griffiths and Pridham, 

1980; Wiame et al., 2002), E. coli can grow on both carbon sources 
yielding similar biomass as can be concluded from their same maxi-
mal optical density at 600 nm. The major difference between the 
two curves is a prolonged lag phase and an increased doubling time 
of 210 min for ε-FrK supplemented cells, being around 20% longer 
compared to glucose (180 min). As further control, we tested a strain 
ΔfrlD lacking the FrK kinase, which catalyzes the first step in the 
degradation pathway. Expectedly, this mutant was no longer able 
to grow on ε-FrK (Figure 4a right). Escherichia coli FrK kinase FrlD 
shows only little enzymatic activity toward α-glycated amino acids 
in vitro (Wiame et al., 2004) and hence we were curious whether 
α-FrK can substitute for the ε-glycated lysine in vivo. In line with the 
previously determined substrate specificity of FrlD, we observed 
neither significant growth with the α-glycated ARP nor any degra-
dation (Figure 4a left, 4b). Having confirmed these previous find-
ings, we went on to investigate whether FrlREco is involved in the 
regulation of ε-FrK utilization (Figure 4b). We compared growth of 
an E. coli wild type with a ΔfrlR strain and found the phenotype with 
respect to total biomass yield indistinguishable from each other. At 
the same time, we noticed a shortened lag-phase, giving the first 
hint that FrlREco acts as a repressor. In line with this assumption, the 
overproduction of FrlREco (frlR++) prevents efficient ε-FrK utilization 
(Figure 4a right, 4b, Figure S1). Presumably, the increased protein 
copy number decouples DNA binding from substrate recognition, 
and thus reveals FrlREco to be a transcriptional repressor. In parallel, 
we quantified metabolization of both derivatives of FrK by the wild 
type during 24 hr of incubation and using direct amino acid analysis. 
Whereas the concentration of α-FrK remained unchanged during 
the experiment, ε-FrK was almost completely degraded while at the 
same time lysine was formed in an equimolar amount. The results 

F I G U R E  3   Structural model of FrlREco and comparison with 
NagR of Bacillus. subtilis. Left: Ribbon representation of the 
crystal structure of NagRBsu (aa9–aa243) of B. subtilis in complex 
with N-acetylglucosamine-6-phosphate (mesh) (4U0W). Right: 
Ribbon representation of the i-TASSER homology model of FrlR of 
Escherichia coli (aa9–aa243). Illustrations were generated with UCSF 
Chimera

F I G U R E  4   Growth analysis and fructoselysine degradation in Escherichia coli wild-type and frl mutant strains. (a) Left: Growth of E. coli 
BW25113 wild type in M9 minimal medium supplemented with either 1 mM glucose (glc) (black circles), 1 mM Nε-fructoselysine (ε-FrK) 
(green circles), or 1 mM Nα-fructoselysine (α-FrK) (white circles). Right: Growth of E. coli BW25113 on 1 mM ε-FrK in comparison to isogenic 
mutant strains JW3337 (ΔfrlD) (white circles) and JW5698 (ΔfrlR) (black circles). BW25113 cells ectopically overexpressing frlREco (frlR++) (red 
circles). Shown is a representative curve from three independent biological replicates. (b) FrK degradation in E. coli BW25113 wild-type cells 
in comparison to isogenic mutant strains JW3337 (ΔfrlD) and JW5698 (ΔfrlR) as well as BW25113 cells ectopically overexpressing frlREco 
(frlR++). The educts α/ε-FrK as well as the product L-lysine (L-Lys) were quantified after 0 hr and 24 hr incubation time in M9 Minimal medium 
supplemented with 5 mM of the respective carbon source using cation-exchange chromatography with post-column ninhydrin derivatization 
and UV-detection of the reaction products (“amino acid analysis”). The mean values and standard deviations of two technical replicates are 
shown
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for ε-FrK were similar in the ΔfrlR mutant. Less ε-FrK was degraded 
by frlR++ cells, while no degradation and only little lysine formation 
was observed in the ΔfrlD strain lacking the kinase. We conclude 
that growth of E. coli is retarded when metabolization of ε-FrK is 
inhibited.

2.3 | frlABCD transcription is positively controlled 
by σ32 and CRP as well as negatively regulated 
by FrlREco

Having shown that ε-FrK utilization is subject to FrlREco regulation, 
we rigorously analyzed the 5′-UTR (untranslated region) of frlABCD 
employing PfrlABCD promoter fusions to uncover further control 
elements. It is predicted that frlABCD transcription starts 75 nu-
cleotides 5′ of the frlA open reading frame (+1) and depends on 
the housekeeping sigma factor σ70 (RpoD) (Figure 5a) (Huerta and 
Collado-Vides, 2003). We further noticed a sequence matching the 
CRP/CAP (cAMP Response Protein/Catabolite Activator Protein) 
binding site centered around position −41.5 and thus being in per-
fect distance to constitute a class II promoter (Lawson et al., 2004). 
To test our hypotheses on transcriptional regulation of the PfrlABCD 

promoter we initially fused 294 bp (−219/+75) 5′ of frlABCD with 
the lux-operon luxCDABE of Photorhabdus luminescens (Volkwein 
et al., 2017) and measured the light output over a time course of 
24 hr in E. coli BW25113 wild-type cells grown in Lysogeny broth 
(LB/Miller) (Bertani, 2004). We reached a maximal luminescence per 
OD600 of about 1 × 106 RLU, showing that this region comprises a 
fully functional promoter (Figure 5b–d). We note that a further se-
quence extension to 397 bp (−322/+75) did not change this emis-
sion significantly (Figure 5b), demonstrating that the −219/+75 lux 
fusion encompasses all required elements for transcriptional con-
trol. A truncation to 140 bp (−65/+75) reduced the light output by 
a factor of five to 2 × 105 RLU showing that this construct lacks an 
important part of the promoter. Using RegulonDB (Santos-Zavaleta 
et al., 2019) we became aware of putative −10 and −35 regions of 
the heat shock sigma factor σ32 (RpoH). To investigate their involve-
ment in PfrlABCD activation, we ectopically expressed rpoH and meas-
ured the effect on the promoter lux fusions. A similar strategy was 
described earlier and is favored as the sigma factor is essential at 
growth temperatures higher than 20°C (Zhao et al., 2005). With the 
−219/+75 construct σ32 overproduction led to a significant increase 
in luminescence compared to the wild-type situation (Figure 5c). 
Interestingly, −65/+75 also responded positively to σ32 expression 

F I G U R E  5   In vivo analysis of the frlABCD promoter region. (a) Illustration of the frlABCD promoter region with +1 as the putative 
transcriptional start site. DNA-recognition sites for RNA-polymerase are boxed in green (dependent on RpoH/σ32) and light green 
(dependent on RpoD/σ70). The binding motif of the cAMP-activated global transcriptional regulator CRP is boxed in dark green. The DNA-
binding site of FrlREco is boxed in red. Consensus sequences for the transcription factors are highlighted with bold letters. (b–d) In vivo 
analyses of PfrlABCD promoter lux fusions in E. coli cells containing the respective reporter plasmid. The maximal light emission from a 24 hr 
time course experiment of cells grown in LB (Miller) is given in RLU. The mean values and standard deviations of at least three biological 
replicates are shown. Naming of the PfrlABCD-lux promoter truncations depicted on the abscissas gives information about the sequence 
length and numbering and relates to the illustration in (a). E. coli BW25113 wild-type cells (black bars) in comparison to the isogenic mutant 
strain JW5698 (ΔfrlR; grey bars) (Baba et al., 2006) and cells where frlREco overexpression was induced by the addition of 0.2% (w/v) 
arabinose (frlR++; white bars) from a pBAD33 backbone were analyzed in (b). To highlight the differences with Δ−48/−28 a second ordinate 
was introduced. (c) E. coli BW25113 wild-type cells (black bars) in comparison to cells where rpoH overexpression was induced by the 
addition of 0.2% (w/v) arabinose (rpoH++; grey bars) from a pBAD33 backbone. To highlight the differences with Δ−48/−28 a second ordinate 
was introduced. (d) E. coli BW25113 wild-type cells (black bars) in comparison to an isogenic mutant strain, which lacks the adenylate cyclase 
CyaA, JW3778 (ΔcyaA) and cells ectopically overexpressing cyaA (cyaA++; dashed lined bars). A wild-type cell culture supplemented with 
20 mM glucose (glc; white bars) was also analyzed
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(two-fold increase in light output), implying that the sigma factor 
also binds within the presumed σ70 promoter region. Therefore, we 
included another reporter construct which lacks base pairs −28 to 
−48 (Δ−48/−28). Cells harboring Δ−48/−28 turned almost dark un-
less σ32 was overproduced which increased light production five-
fold. Thus, we can conclude on the presence of two promoters both 
of which are needed to fully induce PfrlABCD: One in close proximity 
to the transcription start site and presumable the major driver of 
frlABCD expression, the other further upstream and important to 
reach high level activation. While both promoter regions respond 
to increased levels of σ32, only the downstream one encompasses 
the DNA-binding elements for the house keeping sigma factor σ70 
as well as CRP.

Accordingly, we next assessed the regulation by catabolite re-
pression. In an inverse correlation to the extracellular glucose con-
centration, CRP activates metabolic processes that facilitate the 
conversion of alternative carbon sources. Notably, the glucose con-
tent is not measured directly but is derived from the intracellular 
cAMP concentration which in turn relies on the activity of a sole 
cAMP-synthetizing adenylate cyclase CyaA (Lawson et al., 2004). 
Accordingly, luminescence was analyzed in the −65/+75 promoter 
fusion which should comprise the full CRP DNA-binding motif. 
Here, LB/Miller growth conditions, with amino acids as sole carbon 
source, were compared on the one hand to a culture supplemented 
with 10 mM glucose and on the other hand to a ΔcyaA strain (Baba 
et al., 2006). For the latter two conditions, the light output was 
strongly diminished (Figure 5d) corroborating our assumption about 
carbon catabolite repression. This is in line with an earlier global 
study that suggested CRP-dependent regulation of the frlABCD op-
eron (Shimada et al., 2011). We also note that glucose and cAMP 
dependency is lost with the truncated promoter fusion −32/+75 
(Figure 5d). However, with this construct the overall lumines-
cence is strongly decreased. As −32/+75 no longer encompasses 
the full CRP-binding site, RNA-polymerase recruitment is impaired 
(Figure 5a). Similarly, Δ−48/−28 does no longer respond to cAMP 
(ΔcyaA), demonstrating that there is no second CRP-binding site. 
Next, we investigated whether inducer exclusion (Deutscher et al., 
2014; Osumi and Saier, 1982; Sondej et al., 2002) might also play a 
role in PfrlABCD regulation. Hence, we analyzed luminescence devel-
opment with −219/+75 and in a mutant lacking component EIIA/
Crr (Δcrr) of the phosphotransferase system (Figure S2) (Deutscher 
et al., 2014). Compared to the wild type, the light output in the 
mutant was diminished (Figure S2a). This was expected as in Δcrr 
cells CyaA adenylate cyclase activity can no longer be stimulated 
by phosphorylated EIIA. At the same time, an external supplement 
with 1 mM ε-FrK led to elevated light production showing that reg-
ulation by FrlREco was retained. The negative regulation by glucose 
(Figure 5d), however, was mitigated in the mutant (Figure S2b). This 
in turn gives a first hint that EIIA might prevent ε-FrK internalization 
by inhibiting the assumed transport activity of FrlA, similar to those 
what was reported for other sugar transporters (Deutscher et al., 
2014). Additional experiments are needed, to further corroborate 
this hypothesis.

Lastly, we employed the lux reporter to investigate tran-
scriptional regulation by FrlREco. Our initial growth experiments 
(Figure 4a) indicated the role of the protein as negative regula-
tor repressing PfrlABCD under non-inducing conditions. However, 
the strong light emission for wild-type cells harboring PfrlABCD-lux 
fusions in LB/Miller seems to contradict this assumption. We hy-
pothesized that the plasmid-borne nature of the reporter might 
imbalance the ratio of FrlREco and promoter abundance in favor of 
the latter. Accordingly, increasing the FrlREco copy number—by in-
troducing an arabinose inducible ectopic copy of frlREco (pBAD33-
FrlR (Eco))—should be enough to silence the promoter and this 
was in fact what we observed (Figure 5b). We also note that cells 
lacking frlREco produced 1.5-fold more the light of wild-type cells, 
further supporting that FrlREco is a transcriptional repressor. We ul-
timately analyzed whether this repression is ε-/α-FrK dependent. 
Consequently, bioluminescence development was now measured in 
ΔfrlR cells in the concomitant presence of a PBAD controlled, plas-
mid-encoded copy of frlREco (pBAD33 FrlR (Eco)) and the −219/+75 
PfrlABCD-lux reporter construct. In this scenario, light emission was 
strongly reduced (even without arabinose induction) but becomes 
elevated again when adding 1 mM ε-FrK (Figure 6). In contrast, 
promoter repression was maintained with 1 mM α-FrK. These data 
confirm that specificity for the ε-glycated form is not limited to 
the metabolism, but also extends, directly or indirectly, to regula-
tion. To define the sensitivity of the system we performed a titra-
tion series with ε-FrK (10 µM-10 mM), and thus determined that 
the system responds to concentrations as low as 10 µM (Figure 6, 
Figure S5). The strength of depression is gradual with a maximum 
in the low mM range. Considering that the ε-FrK uptake with our 
diet can reach such concentrations (Henle, 2003; 2005), E. coli is 
perfectly adapted to its natural human gut habitat.

F I G U R E  6   FrlREco sensitivity analysis toward ε-fructoselysine. 
In vivo analyses of the PfrlABCD promoter lux fusion −219/+75 in 
Escherichia coli JW5698 cells (ΔfrlR) that concomitantly express 
frlREco. The maximal light emission from a 24 hr time course 
experiment of cells grown in LB (Miller) (without the addition of the 
PBAD inducing agent L-arabinose) is given in RLU. The mean values 
and standard deviations of at least three biological replicates are 
shown
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2.4 | FrlREco is a repressor that binds to TT GT 
CATGTT AC CTT via its winged helix-turn- 
helix domain

Knowing that FrlREco is a transcriptional repressor, we went on to 
identify its cognate DNA-binding motif. Therefore, we analyzed vari-
ous PfrlABCD-lux fusions on FrlREco dependent repression (Figure 5B). 
These were truncated 5′ (−322/+75, −219/+75, −65/+75, −33/+75 
and Δ−48/−28) or 3′ (−219/+60 and −219/+25) relative to the tran-
scriptional start site (+1). To our surprise we saw a strong drop in 
light output with −219/+60 and −219/+25. As the ribosome binding 
site driving LuxC production was kept the same in all fusion con-
structs, the reduction might be attributed to structural alterations 
of the mRNA that potentially interfere with proper binding to the 
ribosome.

Upon ectopic frlREco expression luminescence decreased dra-
matically irrespective of the promoter truncation tested. This in 
turn narrows down the putative binding site to a region of about 
50 nucleotides. The proposed structural similarities of FrlREco to 
NagRBsu (Figure 3) implied that both transcription factors belong 
to the same family of regulators, namely the GntR/HutC related 
ones (Hoskisson and Rigali, 2009; Rigali et al., 2002). Members 
of this group bind to a motif 5′-(N)yGT(N)xAC(N)y-3′ and so do 
NagRBsu and FrlRBsu (Deppe et al., 2011; Fillenberg et al., 2015). 
We recognized a putative operator 5′- (N)y GT CATGTT AC (N)y 
−3′ (frlOEco) immediately downstream of the transcription start 
site indicating that RNA polymerase is occluded from binding to 
the σ70 dependent promoter when frlOEco is occupied by FrlREco. 
To prove this hypothesis, the putative FrlREco binding motif was 
placed between the T7-polymerase promoter (PT7) and a synthetic 
ribosome-binding site, all of which precede the ORF of the super 
folder green fluorescent protein (sfGFP) (Figure 7a). Fluorescence 
intensity was measured as means of the transcriptional activity in 
the absence and presence of a plasmid-borne copy of frlREco. While 
sfgfp expression was high without FrlREco, cells turned dark with 
the repressor. Thus, the artificially introduced motif comprises 
frlOEco.

When substituting the conserved GT/AC by CC/GG, sfgfp ex-
pression was no longer controlled by FrlREco. Similarly, the extension 
of the 6 bp long spacer by one additional “A” heavily interfered with 
DNA-binding as can be concluded from the heterogeneous fluores-
cence signal. As FrlREco is expected to work as a dimer (Fillenberg 
et al., 2015), a spacer length of six is indicative for a binding of each 
monomer at opposite sides of the operator region.

We were also curious what happens, when we mirror the core 
motif. Here, FrlREco was still able to diminish sfgfp expression, how-
ever not as efficient as with the native binding site. This led us to 
conclude that, beside the bracketing GT/AC and spacer length, their 
upstream and downstream residues—which were kept in the original 
order—play also a crucial role in frlOEco recognition.

Our in vivo analysis was complemented by testing the operator 
sequence on FrlREco binding in vitro. We employed thermal shift as-
says (Huynh and Partch, 2015) to assess heat stability of FrlREco in 

dependence of frlOEco (frlO+) (Figure S3). As controls we measured 
melting temperatures in the presence of a random DNA-fragment 
of similar size (frlO−) as well as in the absence of any DNA. In theory, 
DNA-binding to FrlREco should stabilize the protein and in turn, the 
melting temperature increases. In fact, we observed a FrlREco melting 
temperature of 62°C in combination with frlOEco, whereas it was 3°C 
lower in the mixture with the random DNA-fragment.

As these data are only qualitative, we next utilized Surface 
Plasmon Resonance spectroscopy (SPR) in order to determine the 
binding kinetics (association rate ka and dissociation rate kd) as 
well as the affinity (KD) of FrlREco and its cognate recognition motif 
(Figure 7b, Figure S3). To this end, different concentrations of FrlREco 
were combined with two immobilized DNA fragments (see the ex-
perimental procedures for details). One fragment includes the FrlREco 
binding site, the other was of random sequence composition and 
served as negative control. Before that, the absolute and “active” 
fraction of FrlREco was determined using calibration free concentra-
tion analysis (CFCA) to approximately 50% of the total protein con-
centration. A clear and stable binding could be observed for FrlREco 
to frlOEco with a high association (ka = 7.0 × 106 M−1 s−1) and low 
dissociation (kd = 3.4 × 10−2 s−1) rate, whereas only a weak binding 
of FlrR was seen with the control DNA. Calculations were based on 
the association and dissociation rates and with this we derived an af-
finity of FrlREco for frlOEco of 4.9 nM. In comparison, the GntR/HutC 
transcription regulator NagRBsu has a 250 times lower dissociation 
constant of around 20 pM for the native nagAB operator (Fillenberg 
et al., 2015) which might reflect an adaption strategy to respond ap-
propriately to specific stimuli.

We were also curious whether the E. coli FrlR binding motif 
is recognized by the orthologous regulators FrlR of B. subtilis and 
FraR of S. enterica. In this regard, the corresponding genes were 
placed under control of the arabinose inducible promoter PBAD 
analogous to frlR of E. coli. NagR of B. subtilis (recognition motif: 
5′-GTGGTCTAGACCAC-3′) was also included in the study and 
served as negative control. Binding to PfrlABCD was tested once 
more employing the −219/+75 lux reporter. Despite significant dif-
ferences in sequence composition of their cognate DNA-binding 
motifs (Figure 7c), the two FrlREco homologs FrlRBsu and FraR but 
not NagRBsu negatively regulated PfrlABCD dependent luxCDABE ex-
pression under inducing conditions (Figure 7d). By contrast, leaky 
expression (no arabinose for promoter activation added) was only 
sufficient for efficient silencing by FrlREco. While FrlRBsu retained a 
mild repressing phenotype, FraR completely lost its regulatory ca-
pability. Reportedly, such copy number dependent differences hint 
to alterations in DNA-binding affinity (Schlundt et al., 2017). The 
strength of repression matches the phylogenetic distance to FrlREco 
and decreases the more distantly related the transcription factor is 
(Figure 2).

It is notable, that the sequence length between the bracketing 
GT/AC differs among the three FrlR homologs. Whereas, in frlOEco 
and frlOBsu the spacer encompasses six bp, in the putative fraO it is 
seven bp long. This distinguishing feature might provide one ratio-
nale explaining the differences in repression efficiency.
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To assess DNA binding by FrlREco, we first verified DNA binding 
by the putative wHTH-DNA binding domain (Figure 3). DNA-binding 
to the recognition sequence can be enforced by overproduction of 
the wHTH-domain solely (Schlundt et al., 2017). Accordingly, we 
truncated FrlREco and compared the fragment encompassing amino 
acids 1-77 with the full-length protein (244 aa). In E. coli cells, that 

simultaneously harbor the PfrlABCD-lux −219/+75 reporter plasmid, 
luminescence can be suppressed only when transcription of the 
FrlREco 1-77 aa fragment was arabinose induced while with the full-
length FrlREco even low protein levels diminished the light output 
(Figure 7d). These data strongly imply that indeed the first 77 res-
idues fold into a wHTH-domain that is sufficient to recognize the 
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F I G U R E  7   In vivo and in vitro analysis of protein/DNA interactions. (a) frlOEco-dependent sfGFP production: sfgfp expression is driven 
by the T7 promoter: A sequence was inserted either comprising the putative FrlREco recognition motif (frlO) or a mutated version (frlO*). 
The sequence of the motif inserted downstream to the T7 promoter is shown with bold letters indicating the Escherichia coli frlO core motif. 
Mutations are colored in red and the transcription start site is underlined. The box plot graph shows the fluorescence intensity (given in 
relative fluorescence units RFU) of 300 individual cells in the presence or absence of FrlREco. Pictures were analyzed using ImageJ (Schneider 
et al., 2012). sfGFP production was visualized by Western blot analysis using anti-GFP specific antibodies (α-GFP). (b) In vitro DNA binding 
of FrlREco to frlOEco analyzed by surface plasmon resonance spectroscopy (SPR) with the biotin-labeled DNA fragment frlOEco (left), and the 
control fragment without the frlOEco (right) using different concentrations of purified FrlREco. (c) Sequence comparison of the operator of 
frlOEco, frlOBsu, and nagOBsu as well as the putative DNA-binding motif of FraR of Salmonella enterica. (d,e) Depicted is the relative PfrlABCD -lux 
activity in % which was compared to the light output of JW5698 cells (ΔfrlR) harboring the lux fusion −219/+75. (e) Analyzed are the binding 
capabilities to frlOEco by the FrlR orthologs depicted in (d) (left) and the E. coli FrlR winged helix-turn-helix DNA-binding domain (wHTH) 
(right). The corresponding genes were ectopically expressed utilizing PBAD with (black bars) and without (grey bars) the addition of 0.2% 
L-arabinose. The mean values and standard deviations of at least three biological replicates are shown. Protein production was confirmed 
by Western blot analysis using anti-His6 specific antibodies (α-His6). (e) wHTH mutant analysis. Assessed is the capability of FrlREco mutant 
variants to repress the frlABCD promoter. Neg.: ΔfrlR Pos.: ΔfrlR+FrlRwt. Protein production was confirmed by Western blot analysis using 
anti-His6 specific antibodies (α-His6)

F I G U R E  8   FrlREco domains in vivo/ in vitro interaction analyses. (a) Qualitative in vivo self-interaction analysis of a T18/T25-FrlR UTRA 
domain fusion as well as a T18/T25-wHTH-domain fusion. (b) Quantitative in vivo self-interaction analysis of a T18/T25-FrlR UTRA domain 
fusion with and without (−) supplement of α-FrK or ε-FrK. The maximal light emission from a 40 hr time course experiment is given in 
RLU. Ninety-five percent confidence intervals of at least six replicates are shown. Asterisks indicate significant (p < .05) differences in the 
maximal light emission determined by a T-test for paired samples between cells without supplement and those being exposed to ε-FrK. (c) 
Size exclusion chromatography of purified FrlREco UTRA domain. The elution profile is depicted as solid red line. The black line represents 
a calibration curve of three proteins with varying size (158 kDa, 44 kDa, and 13.7 kDa). Based on this the FrlREco UTRA domain migration 
behavior corresponds to a size of 38.7 kDa. (d) 1D- jump-and-return NMR experiments including 0.004, 2.0, and 2.5 ms relaxation delays 
from which the transverse relaxation time T2 is estimated to be 9 ms, allowing to infer a rotational correlation time τc of 21 ns assuming 
isotropic tumbling.
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promoter. However, full-length FrlREco is needed for high affinity 
binding.

Next, we generated FrlREco mutants based on the sequence align-
ment with NagR of B. subtilis (Figure 2). In NagRBsu, the wing motif 
reaches into the minor groove and contacts the flanking guanosine 
via the carbonyl oxygen of Gly69 (Fillenberg et al., 2015). In addition, 
the two conserved arginines Arg38 and Arg48 specifically recognize 
further guanosines of the operator by forming bidental contacts 
with their corresponding guanine base. Taken together, these three 
amino acids are assumed to be the hallmark feature of the specific 
interaction of NagRBsu with DNA (Fillenberg et al., 2015). Two of the  
contacts—Gly69 and Arg48—are also conserved throughout FrlR/
FraR homologs (Figure 2). Accordingly, we mutated the corresponding  
residues—Arg49 and Gly70—into alanine resulting in the FrlREco vari-
ants R49A and G70A. We additionally mutated the putative nucleic 
acid interacting residues N39, I50, R67, and K71 into alanine, being 
in the equivalent positions to NagR's Arg38, Met49, and Arg70, re-
spectively. The functionality of the FrlREco variants was tested in vivo 
on their capability to abolish luminescence in ΔfrlR cells encoding the 
−219/+75 PfrlABCD-lux reporter (Figure 7e). Three out of the six mu-
tants—R49A, G70A, and K71A—clearly lost their repressing capability, 
indicating a role in DNA binding. This led us to conclude that FrlREco 
binds to its recognition motif in a way similar as described for NagRBsu.

2.5 | FrlREco dimerizes via its C-terminal 
UTRA domain

The predicted structural similarities to NagRBsu combined with our 
data on FrlREco DNA-binding implies that substrate binding might 
also occur analogously. Canonically, members of the GntR/HutC 
family of transcriptional regulators form antiparallel dimers via their 
UTRA domain to accommodate the two half sites of their palin-
dromic GT/AC flanked DNA-binding motif (Fillenberg et al., 2015; 
Rigali et al., 2002; Suvorova et al., 2015). Whether this mode of ac-
tion also applies for FrlREco, we examined the dimerization tendency  
in vitro and in vivo. For the in vivo analysis, the bacterial two-hybrid 
system (BTH) described by Karimova et al. was employed (Karimova 
et al., 1998) with the exception that all experiments were carried 
out with our recently published reporter strain, that has a lumi-
nescence reporter readout in addition to the original LacZ based 
colorimetric one (Volkwein et al., 2019). Based on the FrlREco ho-
mology modeling (Figure 3), we split the protein into two parts, 
one comprising the N-terminal DNA-binding domain (aa 1-77), the 
other one encompassing the C-terminal UTRA domain (aa 78–244) 
and fused them to the T25 and T18 fragments of Bordetella pertus-
sis adenylate cyclase. Bioluminescence was recorded qualitatively 
on agar plates together with the GCN4 leucine zipper as positive 
(bright phenotype) and T25/T18 solely as negative control (dark 
phenotype) (Figure 8a). When assessing the self-interaction of the 
UTRA domain we saw the bright phenotype, whereas clones with 
the wHTH-domain remained dark, confirming our initial assumption. 
We also tested whether FrK influences interaction strength or might 

even interfere with dimer formation. Consequently, we measured 
bioluminescence development quantitatively by recording the light 
output in a 40 hr time course experiment. The maximal RLU are plot-
ted as a bar diagram (Figure 8b). Neither the addition of the α- nor 
the ε-glycated FrK abolished light emission. However, we observed 
a slight but significant change in interaction strength with the latter. 
Reportedly, NagRBsu derepression is not achieved by monomeriza-
tion upon signal perception (Resch et al., 2010) as, for example, in the 
case of other one-component systems such as CadC (Buchner et al., 
2015; Lindner and White, 2014). Instead, substrate binding to the 
UTRA domain is transduced into a structural rearrangement of the 
two wHTH-domains, which hinders proper DNA binding. Similarly, 
such movement might also reposition the two fragments T18 and 
T25 and could explain the reduction in bioluminescence with ε-FrK. 
This is plausible as the loop, which is transitioned into a helix upon 
GlcNAcP/GlcNP binding to NagRBsu (Fillenberg et al., 2015; Resch 
et al., 2010), was kept in our fusion construct.

To recapitulate our in vivo observation in vitro, we investigated 
the oligomerization behavior of the UTRA domain (FrlR-UTRA) by 
determining its molecular weight by size exclusion chromatogra-
phy (Figure 8c). In its monomeric form, this would correspond to 
19.3 kDa. As expected, and in line with the BTH data, FrlR-UTRA 
runs at the size of dimers. The addition of ε-FrK did not change the 
migration behavior of FrlR-UTRA (data not shown) further support-
ing that the regulation does not alter the oligomeric state of the 
protein. In addition to this, nuclear magnetic resonance (NMR) spec-
troscopy also confirmed the dimeric state of FrlR-UTRA. The line 
width of 1H-15N resonances in 1H-15N-HSQC spectra is larger than 
what would be expected for a monomeric FrlR-UTRA (Figure S4a). 
Receptor-based titration with ε-FrK did not change the resonance 
line width in 1H-15N-HSQC spectra and we could only observe small 
chemical shift perturbations (Figure S4a) even with six-fold excess of 
ε-FrK, indicating that interaction with ε-FrK is weak and FrlR-UTRA 
does not become monomeric upon titration with ε-FrK. This quali-
tative assessment of FrlR-UTRA dimerization was followed up with 
1D T2 experiments, in which a relaxation delay has been included 
in a 1D-1H experiment to estimate the transverse relaxation time 
T2. From three different relaxation delays (0.004, 2.0 and 2.5 ms) 
we could estimate T2 to be 9 ms (Figure 8d). Assuming isotropic 
tumbling, we estimate a rotational correlation time of 21 ns which 
would correspond to a molecular weight of 42 kDa. This indicates 
that FrlREco tumbles as a dimer in solution. The weak interaction with 
ε-FrK is confirmed by ligand-based titration using saturation transfer 
difference (STD)-NMR, where no magnetization transfer could be 
observed from protein to ligand suggesting an affinity weaker than 
10−3 M for the FrlR- ε-FrK interaction (Figure S4b,c).

2.6 | Fructoselysine-6-phosphate is the cognate 
effector substrate of FrlR

We have conclusively shown, that ε-FrK efficiently induces E. coli 
FrlR dependent derepression in vivo. However, our in vitro FrlREco 
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interaction analysis with the ligand showed only a weak response 
(Figure S3a) or even failed (Figure S3b,c). Thus, we hypothesized that 
not ε-FrK directly but instead one of its metabolic derivatives is the 
cognate substrate. This is a plausible explanation as the structural 
homolog of FrlREco—NagRBsu—recognizes the phosphorylated form of 
GlcNAc—GlcNAcP (Resch et al., 2010; Rigali et al., 2002). Analogous 
to this, the only rational candidate is FrK-6P, which is generated by 
the kinase FrlD as first step of the degradation pathway (Figure 1). If 
the assumption is true, loss of FrlD will prevent from ε-FrK mediated 
derepression of PfrlABCD. We, therefore, utilized an E. coli ΔfrlD strain 
containing the −219/+75 PfrlABCD-lux fusion and measured the light 
output in the presence and the absence of the ARP. Indeed, the frlD− 
strain lost its ability to respond to ε-FrK, as can be inferred from the 
maximum light emission, which—unlike frlD+ cells—did not increase 
with external supplementation of the ARP (Figure 9).

The sequence comparison of FrlREco and NagRBsu revealed high 
conservation of the phosphate-binding pocket (Figure 2). Therefore, 
we decided to investigate whether FrK-6P might be accommodated 
analogously as GlcNAcP in NagRBsu (Figure 3). Accordingly, we gen-
erated the substitution variants located in the UTRA domain, namely 
T91A, R133A, S166A, and Y168A, and investigated them on their 
capability to regulate promoter activity in an ε-FrK dependent man-
ner once more utilizing the −219/+75 PfrlABCD-lux fusion. With the 

wild-type protein and in the absence of ε-FrK we observed a strong 
repression, exhibited by an about 95% diminished light output com-
pared to cells lacking frlREco (Figure 9). The luminescence increased 
by more than five-fold when the culture was supplemented with the 
ARP. Deviating from this behavior S166A and Y168A did not respond 
to the presence of ε-FrK with PfrlABCD remaining repressed. Similarly, 
R133A became blind to the inductor but at the same time also lost its 
DNA-binding capability. We hypothesize that this variant is locked 
in its inactive state that precludes efficient operator recognition. In 
summary, these data strongly indicate that FrK-6P is the cognate 
substrate of FrlREco and is recognized similar to GlcNAcP by NagRBsu.

3  | DISCUSSION

In the present study, the transcriptional regulation of FrK metabo-
lism in E. coli was investigated. Our data show that the expression of 
the frlABCD operon is controlled by global and specific stimuli. We 
identified two promoter regions, both stimulated by the alternative 
sigma factor RpoH (σ32). The induction of the other σ70-dependent 
promoter is subject to cAMP/CRP triggered catabolite repression. 
A repressor FrlREco further prevents transcription in the absence of 
FrK. However, this substrate has to be processed to FrK-6P by the 
kinase FrlD to be recognized as the cognate stimulus. Accordingly, a 
basal frlABCD gene expression is necessary even under repressive 
conditions. Several scenarios are conceivable to achieve such a goal. 
For instance, the copy number of the FrlREco protein could be lim-
ited to such an extent that not every cell has a sufficient amount 
for effective repression. In this case, an unequal distribution of the 
permease FrlA and kinase FrlD occurs within the population, which 
enables an individual response to the carbon source. The resulting 
heterogeneity might be particularly pronounced because of the 
complex regulation and the necessity to transport and modify ε-FrK 
to induce the cell response. The so-called "bet hedging" strategy 
(van Vliet and Ackermann, 2015) would be particularly advanta-
geous here: Limiting the FrK metabolism to a subset of cells allows 
the simultaneous utilization of different carbon sources by the entire 
population. In the intestine, E. coli is confronted with exactly such a 
situation and is, thus, able to compete with other bacteria of the gut 
microbiota. In the same context, the specialization of the metabo-
lism toward certain ARPs is also beneficial. While E. coli exclusively 
utilizes ε-fructose/psicoselysine, B. subtilis favors various α-glycated 
amino acids (Wiame et al., 2004, Wiame and Van Schaftingen, 
2004), thus creating distinct niches and minimizing competition. 
However, such selectivity also demands for species specific regula-
tion patterns. Global transcriptional control seems to be adjusted to 
the respective organism with B. subtilis being dependent on CodY, a 
transcriptional regulator that helps to adapt to changes in nutrient 
availability (Deppe et al., 2011) and E. coli where ARP metabolism is 
activated by CRP/cAMP and σ32 instead. By contrast, the substrate-
specific FrlR proteins from both organisms are 63% similar and even 
recognize the same operator sequence. It is therefore possible, that 
both FrlRs also respond to the same stimulus. However, in our assays 

F I G U R E  9   FrlREco mutant analysis of the putative 
fructoselysine-6-phosphate binding pocket. Depicted is the relative 
PfrlABCD -lux activity in %, which was compared to the light output of 
JW5698 cells (ΔfrlR) harboring the lux fusion −219/+75. Escherichia. 
coli JW5698 cells (frlD+) and JW3337 (frlD−) that concomitantly 
express frlREco and mutant derivatives from a pBAD33 backbone 
were analyzed (Guzman et al., 1995). The maximal light emission 
from a 24 hr time course experiment of cells grown in LB (Miller) 
(without the addition of the PBAD inducing agent L-arabinose) is 
given in RLU. The mean values and standard deviations of at least 
three biological replicates are shown. Protein production of the 
FrlREco variants was confirmed by Western blot analysis using anti-
His6 specific antibodies (α-His6)
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we saw a highly specific response of E. coli FrlR toward ε-FrK. As only 
its phosphorylated form is the cognate signal for FrlREco, an elegant 
way to achieve regulatory specificity could come through distinct 
substrate specificities of certain enzymes in the degradation path-
ways. Notably, the FrlD kinases from E. coli and B. subtilis differ in 
their enzymatic properties (Wiame et al., 2004). The KM of ε-FrK 
for instance is 20 µM with FrlDEco, the corresponding one for FrlDBsu 
(YurL) is three orders of magnitude higher (14 mM). Conversely, 
α-fructosevaline is processed efficiently by the B. subtilis enzyme 
at a concentration of about 100 µM, whereas the E. coli counter-
part has a KM above 20 mM. The selectivity of the metabolism can 
also explain how FrlRBsu is able to respond to chemically diverse 
α-glycated substrates. Specifically, substrate recognition could sim-
ply be achieved by the combination of sugar 6-phosphate and C1-N 
linkage, two structure elements shared by all phosphorylated ARPs 
derived from glucose.

4  | E XPERIMENTAL PROCEDURES

4.1 | Bacterial strains, plasmids, and growth 
conditions

Bacterial strains, plasmids, and primers are listed in Tables S1–S3. 
E. coli was routinely cultivated in LB according to the Miller modi-
fication (Bertani, 1951; Miller, 1992) or M9 minimal medium (Miller, 
1972) unless indicated otherwise. For solidification 1.5% (w/v) agar 
was added to the medium. If needed, carbon sources and other 
media supplements were added as indicated. Antibiotics were used 
at the following final concentrations: 100 µg/ml ampicillin sodium 
salt, 50 µg/ml kanamycin sulfate, 30 µg/ml chloramphenicol, or 
20 µg/ml gentamycin sulfate. Growth was recorded by measuring 
the optical density at a wavelength of 600 nm. Plasmids carrying 
the pBAD (Guzman et al., 1995) or T7 promoter were induced with 
L-arabinose at a final concentration of 0.2% (w/v) or Isopropyl-β-D-
thiogalactopyranosid (IPTG) at a final concentration of 1 mM.

All kits and enzymes employed for plasmid construction were 
used according to manufacturer's instructions: Plasmid DNA was 
isolated using the Hi Yield® Plasmid Mini Kit from Süd-Laborbedarf 
GmbH. DNA fragments were purified from agarose gels using the Hi 
Yield® Gel/PCR DNA fragment extraction kit from Süd-Laborbedarf 
GmbH. All restriction enzymes, DNA modifying enzymes, and the 
Q5® high fidelity DNA polymerase for PCR amplification were pur-
chased from New England BioLabs GmbH. A detailed description for 
plasmid construction is given in Table S2.

4.2 | Synthesis and analysis of ARPs

N-ε- and N-α-FrK were synthesized and isolated according to previ-
ous publications (Hellwig et al., 2011; Krause et al., 2003) and met 
the spectroscopic properties given in those works. Analysis of both 
ARPs as well as lysine was performed by amino acid analysis with the 

analyzer S 433 (Sykam) on a cation-exchange column (LCA K07/Li; 
150 mm × 4.6 mm, 7 µm). Before analysis, 10 µl of solutions from mi-
croorganism culture was diluted with 190 µl of loading buffer (0.12 M 
lithium citrate, pH 2.12), centrifuged (10.000× g, 10 min), and 40 µl of 
the diluted sample was injected. Separation was accomplished with 
custom lithium citrate buffers of increasing pH and ionic strength. 
Amino acids were detected by online post-column derivatization with 
ninhydrin and UV-detection (570 nm). Calibration was performed by 
an external standard of proteinogenic amino acids, and both FrK de-
rivatives were quantified as lysine (Hellwig et al., 2011).

4.3 | SDS–PAGE and western blotting

For protein analyses cells were subjected to 12.5% (w/v) sodium do-
decyl sulfate (SDS) polyacrylamide gel electrophoresis (PAGE) as de-
scribed by Laemmli (Laemmli, 1970). To visualize proteins by UV light 
2,2,2-trichloroethanol was added to the polyacrylamide gels (Ladner 
et al., 2004). Subsequently, the proteins were transferred onto nitro-
cellulose membranes, which were then subjected to immunoblotting. 
In a first step the membranes were incubated either with 0.1 μg/ml 
anti-6×His® antibody (Abcam) or with 0.1 μg/ml anti-GFP (Sigma-
Aldrich) antibody. These primary antibodies (rabbit) were targeted 
with 0.2 μg/ml anti-rabbit alkaline phosphatase-conjugated second-
ary antibody (Rockland) or 0.1 µg/ml anti-rabbit IgG (IRDye® 680RD) 
(donkey) antibodies (Abcam). Anti-rabbit IgG was detected by add-
ing development solution [50 mM sodium carbonate buffer, pH 9.5, 
0.01% (w/v) p-nitro blue tetrazolium chloride (NBT), and 0.045% (w/v) 
5-bromo-4-chloro-3-indolyl-phosphate (BCIP)]. Anti-rabbit IgG were 
visualized via Odyssey® CLx Imaging System (LI-COR, Inc).

4.4 | Bacterial two-hybrid assay

Protein-protein interactions were detected using the bacterial 
adenylate cyclase two-hybrid system kit (Euromedex) according to 
product manuals (Karimova et al., 2000). This system is based on 
functional reconstitution of split Bordetella pertussis adenylate cy-
clase CyaA, which catalyzes the formation of cyclic AMP from ATP. 
In E. coli KV1, the cAMP depedent lac promoter Plac precedes a 
translational fusion of the lux-operon and lacZ, allowing the indirect 
measurement of protein-protein-interactions by light emission and 
colorimetric detection (Volkwein et al., 2019).

For measuring interaction strength, chemically competent 
(Inoue et al., 1990) E. coli KV1 cells were transformed with pKT25-
frlR FL, pKT25-frlR UTRA domain, or pKT25-frlR HTH-domain 
and pUT18C-frlR FL, pUT18C-frlR UTRA domain, or pUT18C-frlR 
HTH-domain. Transformants containing pUT18-zip/pKT25-zip and 
pUT18C/pKT25 vector backbones were used as positive and neg-
ative controls, respectively. Single colonies were inoculated in LB 
(with 50 µg/ml kanamycin sulfate and 100 µg/ml ampicillin sodium 
salt, 5 mM α-/ε-FrK and 0.5 mM IPTG (w/v)) and grown aerobically 
at 37°C o/n. The next day, a microtiter plate with fresh LB (with 
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the appropriate antibiotics, 10 mM substrate and 0.5 mM IPTG 
(w/v)) was inoculated with the cells at an OD600 of 0.01. The cells 
were grown aerobically in the Tecan Infinite F500 system (TECAN) 
at 30°C. OD600 and luminescence were recorded in 10 min inter-
vals over the course of 16 hr. Each measurement was performed 
at least in triplicate.

For qualitative analysis, the bacterial two-hybrid KV1 strains 
were plated on LB agar (containing 50 µg/ml kanamycin sulfate, 
100 µg/ml ampicillin sodium salt, and 0.5 mM IPTG) and grown over-
night at 37°C. Pictures of the plates were taken in a Fusion-SL 3500 
WL (PEQLAB) using 10 s of exposure time.

4.5 | Luminescence activity assay

E. coli cells harboring a lux fusion plasmid (Table S2—reporter assays) 
were inoculated in LB (with appropriate antibiotics and 0.2% arab-
inose (w/v)) and grown aerobically at 37°C. The next day, a micro-
titer plate with fresh LB (with the appropriate antibiotics and 0.2% 
arabinose (w/v)) was inoculated with the cells at an OD600 of 0.01. 
The cells were grown aerobically in the Tecan Infinite F500 system 
(TECAN) at 37°C. OD600 and luminescence were recorded in 10 min 
intervals over the course of 16 hr. Light units were normalized to 
OD600 and are thus expressed in relative light units (RLU). Each 
measurement was performed in triplicate.

To examine the regulatory role of rpoH, the growth temperature 
was adjusted to 20°C and 25°C during the measurement. The bind-
ing site for CAP was examined in LB with or without 20 mM glucose, 
thereby repressing or activating CyaA, respectively.

4.6 | Surface plasmon resonance spectroscopy

Surface Plasmon Resonance Spectroscopy (SPR) spectroscopy and 
calibration free concentration (CFCA) assays were performed using 
a Biacore T200 device (GE Healthcare) and streptavidin-precoated 
Xantec SAD500-L carboxymethyl dextran sensor chips (XanTec 
Bioanalytics GmbH, Düsseldorf, Germany). All experiments were 
conducted at 25°C with HBS-EP+ buffer [10 mM HEPES pH 7.4, 
150 mM NaCl, 3 mM EDTA, and 0.05% (v/v) detergent P20].

Before immobilizing the DNA fragments, the chips were 
equilibrated by three injections using 1 M NaCl/50 mM NaOH 
at a flow rate of 10 µl min−1. Then, 10 nM of the respective dou-
ble-stranded biotinylated DNA fragment was injected using a 
contact time of 420 s and a flow rate of 10 µl min−1. As a final 
wash step, 1 M NaCl/50 mM NaOH/50% (v/v) isopropanol was 
injected. Approximately 250-350 RU of each respective DNA 
fragment were captured onto the respective flow cell. All inter-
action kinetics of FlrR with the respective DNA fragment were 
performed in HBS-EP buffer at 25°C at a flow rate of 30 µl min−1 
in the presence and absence of 1 mM ε-FrK. The proteins 
were diluted in HBS-EP buffer and passed over all flow cells in 

different concentrations (0.5 nM-125 nM) using a contact time 
of 180 s followed by a 300 s dissociation time before the next 
cycle started. After each cycle the surface was regenerated by 
injection of 2.5 M NaCl for 30 s at 60 µl min−1 flow rate followed 
by a second regeneration step by injection of 0.5% (w/v) SDS 
for 30 s at 60 µl min−1. All experiments were performed at 25°C. 
Sensorgrams were recorded using the Biacore T200 Control soft-
ware 2.0 and analyzed with the Biacore T200 Evaluation soft-
ware 2.0. The surface of flow cell 1 was not immobilized with 
DNA and used to obtain blank sensorgrams for subtraction of 
bulk refractive index background. The referenced sensorgrams 
were normalized to a baseline of 0. Peaks in the sensorgrams at 
the beginning and the end of the injection emerged from the run-
time difference between the flow cells of each chip.

Calibration-free concentration analysis (CFCA) was performed 
using a 1 µM solution of purified FrlREco, which was stepwise diluted 
1:2, 1:5, 1:10, and 1:20. Each protein dilution was injected two-times, 
one at 5 µl min−1 as well as 100 µl min−1 flow rate. On the active flow 
cell DNA fragment including the PfrlO-DNA was used for FlrR binding. 
CFCA basically relies on mass transport, which is a diffusion phenom-
enon that describes the movement of molecules between the solution 
and the surface. The CFCA therefore relies on the measurement of 
the observed binding rate during sample injection under partially or 
complete mass transport limited conditions. Overall, the initial bind-
ing rate (dR/dt) is measured at two different flow rates dependent 
on the diffusion constant of the protein. The diffusion coefficient of 
BceR-P was calculated using the Biacore diffusion constant calculator 
and converter webtool (https://www.biaco re.com/lifes cienc es/Appli 
cation_Suppo rt/online_suppo rt/Diffu sion_Coeff icient_Calcu lator/ 
index.html), whereby a globular shape of the protein was assumed. The 
diffusion coefficient of FlrR was determined as D = 1.02 × 10−10 m2/s. 
The initial rates of those dilutions that differed in a factor of at least 
1.5 were considered for the calculation of the “active” concentration, 
which was determined as 5 × 10−7M (approximately 50% of the total 
protein concentration) for FlrR. The “active” protein concentration was 
then used for calculation of the binding kinetic constants and steady-
state affinity.

4.7 | Protein purification

His6-SUMO-tagged FraR from S. enterica (pET-SUMO-fraR (Sen)), 
FrlR from E. coli (pET-SUMO-frlR (Eco)) and B. subtilis (pET-SUMO-
frlR (Bsu)) (Table S2—Protein overexpression) were overproduced in 
E.coli BL21 (DE3) by addition of 1 mM IPTG to exponentially grow-
ing cells and subsequent cultivation at 18°C o/n. Cells were lysed by 
sonication in the respective buffer (Table S4). The proteins were pu-
rified using Ni-nitrilotriacetic acid (Ni-NTA; Qiagen) according to the 
manufacturer's instructions, using 20 mM imidazole for washing and 
250 mM imidazole for elution. Subsequently, imidazole was removed 
by dialysis o/n at 4°C in buffer 1. The His6-SUMO tag was cleaved 
by incubation with His6-Ulp1 (Starosta et al., 2014) overnight. 

https://www.biacore.com/lifesciences/Application_Support/online_support/Diffusion_Coefficient_Calculator/index.html
https://www.biacore.com/lifesciences/Application_Support/online_support/Diffusion_Coefficient_Calculator/index.html
https://www.biacore.com/lifesciences/Application_Support/online_support/Diffusion_Coefficient_Calculator/index.html
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Subsequently, tag-free FrlREco was collected from the flow through 
after metal chelate affinity chromatography.

Size exclusion chromatography was performed in the respective 
buffer (Table S4) using a Superdex 200 Increase 10/300-Gl column 
with a flow rate of 0.3 ml/min on an Äkta purifier (GE Healthcare). Four 
milligrams of protein were loaded in a volume of 0.4 ml (8,7 mg/ml).  
Eluting protein was detected at 280 nm. Fractions of 0.5 ml were 
collected.

4.8 | NMR experiments

All NMR spectra were acquired using a Bruker Avance III NMR 
spectrometer with a magnetic field strength corresponding to 
a proton Larmor frequency of 700 MHz equipped with a room 
temperature triple resonance gradient probe head. NMR experi-
ments were performed in a buffer containing 100 mM potassium 
phosphate, 300 mM NaCl, pH 6.5 at 298 K. Two dimensional 1H- 
15N-HSQC titrations were performed with 200 µM FrlR-UTRA 
domain in the absence and presence of 1.2 mM excess of ε-FrK. 
For measuring T2 relaxation, one dimensional experiments were 
performed with 200 µM FrlR-UTRA in the presence of 1.2 mM 
ε-FrK. 1D T2 experiments were performed using a 1-1 echo pulse 
sequence with a relaxation delay varying between 0.004, 2.0 
and 2.5 ms (Sklenář and Bax, 1987). τc was estimated using the 
equation 1/(5T2) where T2 is expressed in seconds (Barbato et al., 
1992; Kay et al., 1989). Saturation transfer difference NMR ex-
periments (Mayer and Meyer, 1999) were performed on 10 µM of 
FrlR-UTRA + 1mM ε-FrK with irradiation at either 0.65 ppm (pro-
tein methyl region) or 8.5 ppm (protein amide region), far from 
ε-FrK signals to only saturate protein, with a relaxation delay of 
5 s, which includes an effective saturation time of 4 s and an in-
terscan delay of 1 s. For control experiments only 1 mM ε-FrK 
was used.

4.9 | Fluorescence microscopy

The DNA-binding site of FrlREco was examined by fluorescence mi-
croscopy of the E. coli strain BL21 (DE3) transformed with pUC19 
based fluorescent reporter plasmids (Table S2—Reporter assays). 
The cells were cultivated overnight at 30°C in LB medium sup-
plemented with ampicillin. Expression of FrlREco was induced or 
repressed by addition of 20 mM arabinose or 20 mM glucose, re-
spectively. The overnight cultures were used to inoculate (OD600 of 
0.1) fresh LB medium supplemented with ampicillin and arabinose 
or glucose. Cells were aerobically cultivated at 37°C and harvested 
by gentle centrifugation after 2 hr. The pellet was washed twice and 
resuspended in PBS (OD600 0.5). 2 µl of the culture was spotted on 
2% (w/v) agarose pads, placed onto microscopic slides and covered 
with a coverslip. Subsequently, images were taken on a Leica DMi8 
inverted microscope equipped with a Leica DFC365 FX camera 
(Wetzlar). An excitation wavelength of 484 nm and a 535 nm emis-
sion filter with a 75-nm bandwidth was used for sfGFP fluorescence 

for 1 s, gain 5, and 75% intensity. Fluorescence intensity of at least 
300 cells was measured and plotted using ImageJ.

4.10 | Thermal shift assay

About 5 µM of the Protein (FrlREco) was pipetted into 30 µl (2.5 µM) 
of DNA (cleaned up PCR product) on ice. About 0.3 µl of a 1:10 
dilution of SYPROTM orange protein gel stain (Thermo Fisher 
Scientific) was added to the mix. The mixture was transferred into 
a 96-well semi-skirted PCR plate. To ensure that the liquid was 
at the bottom the plate was centrifuged for 30 s at 3,000 rpm. 
Subsequently, the plate was inserted into iQ™5 Real-Time PCR 
Detection Systems (Bio-Rad). The 96-well plate was incubated at 
8°C for 10 min. Every 30 s the temperature was increased by 0.5°C 
until 90°C were reached. Fluorescence was recorded at a wave-
length of 520 nm.
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7 Concluding discussion and outlook 

7.1 Alternative TDP-Rha biosynthesis gene 

 

Monosaccharides have to be activated to act as glycosyl donors in glycosylation reactions. 

The activated form of the sugar L-rhamnose in bacteria is TDP-Rha, which is biosynthesized 

originating from glucose-1-phosphate via the RmlBDAC pathway. Disruption of genes in the 

Rml pathway leads to severe growth defects and partially to loss of pathogenicity in human 

pathogen bacteria (68-72). These findings emphasise the importance of the glycosylation with 

L-rhamnose. Interestingly, the mutant phenotype is nearly absent in S. oneidensis and P. 

aeruginosa when deleting the gene coding for the epimerase RmlC of the pathway. In chapter 

2 we therefore investigated whether alternative biosynthesis enzymes exist in these bacteria 

using two approaches: First, generating a genomic library of the related model organism P. 

putida KT2440 and second, a bioinformatical analyses of potential analogues. 

We could identify a rmlC homologue named PP_0265. They share high amounts of identities 

in protein sequences (64 %) and consequently fold similarity in predicted structures using 

Phyrre2 (138). Taken together with the fact that they carry out identical function, it can be 

assumed that they share a common ancestry (139). Gene duplication can immediately result 

in an increase in gene dosage (140) which might be beneficial when it leads to an increased 

fitness. Interestingly, the equilibrium for the epimerisation by RmlC lies heavily on the side of 

the substrate dTDP-4-keto-6-deoxy-D-glucose with only 3 % of conversion to the product 

dTDP-4-keto-6-deoxy-L-mannose (141, 142). The complex double epimerase reaction 

consists of four distinct chemical steps which require careful steric control (143). The resulting 

keto-sugar is known to be unstable and is only available in small amounts. Efficient 

biosynthesis of TDP-Rha is enabled due to the fact that the formation of dTDP-D-glucose by 

RmlA is nearly irreversible and that the equilibrium of the reduction catalysed by RmlD lies 

strongly on the side of TDP-Rha (142). The gene duplication of rmlC could lead to increased 

availability of the epimerase and subsequently higher amount of the substrate dTDP-4-keto-6-

deoxy-L-mannose and further TDP-Rha. Interestingly, P. putida cells hold high concentrations 

of intracellular TDP-Rha which are even higher than P. aeruginosa (3.5 mM and 2.0 mM, 

respectively) (91). This is surprising as P. putida does not produce rhamnolipids or rhamnose-

containing LPS like P. aeruginosa. These findings provide evidence that TDP-Rha plays an 

important role in so far undetected cellular processes. Actually, the rates of biosynthesis of 

TDP-Rha and other nucleotide sugars were shown to be limiting for glycosylation rates (144, 

145). Hence, increased TDP-Rha amounts may be beneficial for Pseudomonas species due 
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to high usage of TDP-Rha in synthesis of cell wall components or secondary metabolites, but 

also for protein glycosylation.  

7.2 Distribution of rhamnosylation 

 

Conversely, in protein glycosylation, rhamnose is considered as rare sugar (59). The 

widespread distribution of the TDP-Rha biosynthesis genes rmlBDAC among bacteria, but also 

other activated rhamnose nucleotide precursors like UDP-β-L-rhamnose (plants, fungi and 

algae) or GDP-α-D-rhamnose (Pseudomonads and chlorovirus) (49, 146), indicate that 

glycosylation with rhamnose moieties are not just a curiosity.  

In the past, some rhamnose containing glycans were identified in bacteria. Among them, 

unusual rhamnose-amino acid linkage was discovered. It was first described for an Asn residue 

in the S-layer Glycoprotein Geobacillus stearothermophilus (147). Here, the glycan consists of 

three rhamnose residues in a row linked to Asn. O-linked rhamnosylation was detected for Ser 

and Thr residues in flagellar proteins in P. aeruginosa and P. syringae (63, 64). In P. 

aeruginosa, depending on the strain (JJ692 or PAK) considered, either a single mono-

rhamnose or a rhamnose moiety as a link between an oligosaccharide and the protein was 

shown. In P. syringae, the glycan is linked via two rhamnose residues to a Ser residue. Recent 

findings then showed the unexpected monorhamnosylation on an Arg residue of the elongation 

factor EF-P in around 10 % of all bacteria including P. aeruginosa and N. meningitidis (76, 77, 

148). These few examples of proteins containing the rhamnose-amino acid linkage together 

with the highly distributed TDP-Rha biosynthesis raised the question whether rhamnosylation 

represents a general mechanism for protein modification in prokaryotes. We investigated the 

distribution of modification by immunodetection using a set of antibodies (chapter 3). 

So far, anti-ArgRha antibodies have been developed for the detection of protein 

monorhamnosylation and proved to be a useful tool to discriminate unmodified and 

rhamnosylated (activated) EF-P (91, 92). The newly generated antibodies in chapter 3 were 

designed to cover other, most probable rhamnosylation sites: anti-AsnRha, anti-SerRha, and anti-

ThrRha. Monorhamnosyl amino acid containing peptides fused to bovine serum albumin were 

used as immunogens. The resulting purified polyclonal antibodies sensitively and specifically 

detect the rhamnosylated amino acids without any cross-reactivity with the unmodified amino 

acids. Interestingly, anti-SerRha exclusively recognize the β-configuration of the glycopeptide 

indicating that Serα-Rha is poorly immunogenic.  

Having these four different antibodies at hand, we were able to detect N- and O-rhamnosylated 

sites. We found them in various bacterial species in cytosolic as well as in membrane proteins. 

The number of rhamnosylated proteins in Corynebacterium glutamicum and Mycobacterium 
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phlei was striking. This is especially interesting considering that the biosynthesis genes of TDP-

Rha (rmlBDAC) were shown to be essential in Mycobacterium (74, 149). So far, this is 

explained by the linking rhamnosyl residues in the cell wall of the bacteria (between 

arbinogalactan and peptidoglycan). Our findings now allow for an alternative or additional 

explanation: There might be essential proteins whose function is directly linked to 

rhamnosylation as it is shown for EF-P (76). In this case, identifying these rhamnosylated 

proteins could contribute to the discovery of new target structures to combat tuberculosis or 

diphtheria.  

The antibody toolbox generated here sheds light on the distribution of the so far rare and 

unusual protein monorhamnosylation (chapter 3). We were able to show that this post-

translational modification appears to be more distributed in bacteria than previously assumed. 

In general, protein glycosylation is expected to be very widespread. It was even postulated that 

more than every second protein is a glycoprotein (23). However, a study showed that there 

are far more putative glycoproteins than experimentally verified (13). Today, there are around 

6,800 documented glycoproteins but almost 100.000 putative targets for protein glycosylation. 

This indicates that there are lot of glycoproteins which remain to be uncovered. In bacteria, 

glycosylation was unnoticed for a long time, furthermore, the modification seems to be much 

more diverse here (11). Additionally, the study of glycans in general is lagging far behind other 

fundamental macromolecular components like DNA. This is due to the complexity of structures, 

difficulties in prediction of glycosylation which are not encoded directly by the genome as it is 

the case for proteins sequences and simply the challenges in identification, isolation, and 

characterization of glycans (1). The toolbox of antibodies against mono-rhamnosylated 

proteins contributes to challenges in identification of novel glycosylation sites as they are a 

prerequisite for enrichment of modified proteins prior to mass spectrometry-based identification 

(150, 151).  

 

7.3 Rhamnose containing glycans as target for therapeutics 

 

According to the WHO, antibiotic resistance is becoming one of the biggest challenges for 

humanity looking at global health, food security, and development. Resistance mechanisms 

are promoted by misuse and overuse of antibiotics but also by broad-spectrum antibiotics as 

they can increase the spread and uptake of bacterial genetic elements (for example plasmids 

encoding antibiotic resistance genes) (152, 153). The development of microorganism-specific 

antibiotics is therefore important as their use can slow down the evolution and spread of 

antibiotic resistance (154, 155). 
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Bacterial glycan structures and their corresponding enzymes are an interesting target for 

therapeutics and antibiotics as they have distinct structures and are often linked to 

pathogenesis. Interestingly, rhamnose containing glycans and corresponding biosynthesis 

enzymes are absent in humans making them ideal targets for therapeutics and antibiotics (49, 

67). As shown in chapter 3, many monorhamnosylated glycoproteins are unknown today. This 

discovery lays the basis for further examination of these glycoproteins and their corresponding 

enzymes. Once these have been identified, they can be used as targets for therapeutics and 

antibiotics. During the last years, promising studies showed different ways to target rhamnose 

containing macromolecules or the biosynthesis of TDP-Rha. An interesting study on sugar 

binding lectins that recognize specific rhamnose structures (rhamnose binding proteins 

(RBPs)), showed antimicrobial activity of these substrates (156, 157). Naturally, these RBPs 

are found in various fish eggs (158). A recombinant version of a RBP from horseshoe crab is 

able to bind to rhamnose-containing components in biofilm and inhibits the biofilm formation 

and growth of P. aeruginosa. They postulate that the recombinant RBP is a prospective anti-

biofilm agent which links glycan-recognition to novel anti-biofilm strategies (156).  

Not only rhamnosylated proteins can be target of therapeutics, but also the TDP-Rha 

biosynthesis proteins. A screening for TDP-Rha biosynthesis genes identified 5‐(4‐

chlorophenyl)‐2‐furoic acid (Ri03) as a potential agent which predominantly inhibits the 

biosynthesis through interference with RmlB function (159). Ri03 inhibited growth in Gram-

positive bacteria containing rhamnose cell wall polysaccharides such as Streptococcus and 

Mycobacteria. Further development of Ri03 could lead to a new class of antibiotics that targets 

dTDP‐rhamnose biosynthesis in pathogenic bacteria. 
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7.4 Donor substrate promiscuity of EarP 

 

The EarP rhamnosylation reaction was intensively studied during the last years. EarP was 

identified as GT-B fold GT which catalyses an inverting reaction resulting in α-rhamnosyl-

arginine (76, 77, 91-93, 148, 160). Typically for GT-B fold Leloir-type GTs, the binding site for 

the donor substrate TDP-Rha was localized in a highly conserved pocket in the protein C-

domain (91, 93, 94, 161). Crystal structure analyses of P. putida EarP indicate that the TDP 

moiety rather than the rhamnose moiety contacts the protein (all amino acid in the following 

referred to EarPPpu) (91). Three Phenylalanine (Phe) residues (Phe191, Phe252, and Phe258) 

form an aromatic pocket surrounding the thymine ring (Fig. 3B). Arg271, thyrosin (Tyr)193, 

glutamic acid (Glu)273, aspartic acid (Asp)274, and glutamine (Gln)255 recognize the 

diphosphate and the sugar ring of the nucleotide by forming hydrogen bonds. The rhamnose 

residue is surface exposed obviously without any contact to EarP (91). This fact indicates that 

there is flexibility to be expected in the binding of substrates, at least on the sugar moiety. 

Nevertheless, studies in N. meningitidis (94) and P. aeruginosa (93) postulate that the sugar 

moiety does form bonds with EarP. These crystal structure analyses indicate that a certain 

promiscuity of the glycosyltransferase is conceivable, however, this was not investigated so 

far. 

Our inhibitor assay could show that single TDP but also UDP are able to bind EarP (chapter 5 

Fig. 5). Interestingly, the third pyrimidine derivate CDP is unable to bind EarP. In TDP and 

apparently also UDP, the O4 is involved in hydrogen-bonding (93, 94). CDP harbours an amino 

group instead of O4, indicating that the amino group is unfavourable for the binding. Further 

binding to the purine bases adenine or guanine is rather unlikely as the size of the aromatic 

pocket surrounding the thymidine ring is too small (93, 94).  

The phosphate group seems to play a crucial role, as the precursors thymine and thymidine 

were not able to inhibit binding of TDP-Rha to EarP. Both phosphate groups of TDP hydrogen-

bond with the main chain nitrogen atoms of a number of amino acids (91). Interestingly, both 

TMP and TTP were able to bind to EarP and compete with TDP-Rha albeit exhibiting high Ki 

values. The α-phosphate group seems to be sufficient whereby the second phosphate 

strengthens the binding. A triphosphate group strongly weakened the binding compared to 

TDP, in case of UTP no binding occurred even at high concentrations. The binding pocket is 

closed by the bulky side chain of Tyr193 (91), this may lead to steric clashes in case of a 

triphosphate. 

The inhibitor assay testing the inhibitory potential of the sugar moiety could confirm what was 

expected from the studies of P. putida EarP (91). A single rhamnose was not able to compete 
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with TDP-Rha for EarP binding indicating that the binding to EarP is regulated by the 

nucleotide- and phosphate- rather than the sugar-moiety of the donor substrate. However, as 

UDP-glucose did not inhibit the rhamnosylation reaction with TDP-Rha, we conclude that the 

sugar moiety is a steric prerequisite for recognition and binding to EarP.  

Taken together, our experiments could confirm relevant amino acid residues proposed by the 

crystal structure in the binding pocket of EarP. The determined substrate promiscuity is of high 

interest from the view of a potential antimicrobial strategy as binding without transfer of 

substrates can inhibit the glycosylation reaction by EarP (162). Suppressed rhamnosylation 

can lead to loss of pathogenicity as this modification was shown to be important for 

pathogenicity of human pathogens (76, 77, 148). 

 

7.5 Acceptor substrate promiscuity of EarP 

 

On the other hand, the acceptor substrate specificity of EarP is poorly characterized. The only 

known substrate of the rhamnosyltransferase is a single Arg (Arg32) residue of EF-P, hence, 

the glycosylation site possesses unique recognition features. EarP does not show high 

sequence homologies to neither the Arg glycosylating GT NleB nor to any other structurally 

characterized GT. Therefore, it is difficult to predict the prerequisites for acceptor substrate 

binding. 

So far, it is known that EarP recognizes and binds the KOW-like EF-P N-domain I (91, 94). 

The GT interacts with the acceptor mainly through a highly conserved region of the N-terminal 

domain (94). Crystal studies indicate that the molecular recognition is both structure and 

sequence specific as the binding is mediated by several specific side chains (94). Interestingly, 

these interacting side chains are not conserved (93). Further, it was shown that EarP 

rhamnosylates the non-cognate EF-P orthologue from E. coli when Lys was substituted by Arg 

(163). These facts indicate that the acceptor recognition is rather not sequence specific. This 

assumption was further supported by an in vitro rhamnosylation experiment (chapter 4, Fig. 

S1). Here, we could show that EarP does not rhamnosylate a linear peptide fragment 

comprising the amino acids of the Arg32-containing loop of EF-P (acceptor loop). In addition, 

mutational analyses revealed that Arg is rhamnosylated at any position of the acceptor loop in 

vivo (chapter 5, Fig. 1). Both experiments underline the importance of the loop structure which 

seems to optimally position the Arg residue for rhamnosylation in the active site of EarP.  

However, data from crystal structures indicate that EarP also interacts with other residues 

besides those next to Arg32 at the loop (94). These residues mainly belong to two neighbouring 
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β-strands leading to an experiment where the acceptor loop plus the surrounding β-strands of 

EF-P were fused to E. coli EF-P lacking domain III (chapter 5, Fig. 2). Stepwise truncation of 

both β-strands could narrow down the important region for acceptor recognition to the acceptor 

loop plus two amino acids of both β-strands. The two residues of both β-strands may be 

sufficient to build the β-sheet hairpin structure including the loop. The development of a cyclic 

peptide, which mimics the β-hairpin secondary structure via introduction of a L-proline/D-

proline motif, provided further insights into the importance of the secondary structure (chapter 

4, Fig. 2). The cyclic peptide, which contained the acceptor loop together with one residue of 

each β-strand, was successfully rhamnosylated in vitro with a conversion rate of 85 %. The 

here shortened β-strand indicates that valine (Val)37 and Phe27 play a minor role in 

recognition but may be crucial for forming the β-sheet hairpin structure. In the cyclic peptide, 

the loop structure is alternatively built by the cyclisation strategy. Both experiments, (chapter 

4 Fig. 2, chapter 5 Fig. 2) clearly showed that the acceptor loop alone without neighbouring 

amino acid residues from the β-strand is not an acceptor substrate for EarP. On the basis of 

this data, we identified the minimal recognition motif (Fig. 6) that is sufficient for arginine 

rhamnosylation by EarP. The surrounding EF-P context seems to play a minor role in substrate 

recognition by EarP. This assumption is further supported by the successful rhamnosylation of 

the EF-P acceptor loop fused to the terminus of mCherry protein (chapter 5, Fig. 3). 

 

Figure 1: Minimal recognition motif of EarP. The glycosyltransferase EarP recognizes a structural motif allowing 
for sequence variation. The motiv consist of two β-strands (two amino acids on each strand: Val/Val and Asn/Phe) 
forming a loop structure with Arg on its tip. Illustrations were generated with UCSF Chimera (19). 

Recognition of structural elements for glycosylation was reported a few years ago for GT AIDA‐

associated heptosyltransferase (AAH) (164). The substrate of AAH, adhesin involved in diffuse 

adherence (AIDA‐I), is glycosylated in the extracellular domain which comprises imperfect 

repeats of a consensus sequence forming a “short β-strand–short acceptor loop–short β-

strand”. Similar to EarP, AAH recognizes a structural motif, not a specific sequence. As the 
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glycosylation of AIDA is O-linked (165), the recognition of a structural element does not seem 

to be restricted to a specific type of glycosylation. 

Mutational analysis of this cyclic peptide further revealed that the alanine (Ala)34 plays an 

important role in shaping the β-hairpin (chapter 4, Fig. 2). Single deletion of this residue 

prevents rhamnosylation of the cyclic peptide whereas substitution with glycine (Gly) lead to 

41 % conversion. Together with further mutational analysis (chapter 4) and the arginine-

walking (chapter 5, Fig. 1) we can assume that EarP partially allows for acceptor sequence 

promiscuity as long as the loop structure is maintained. Interestingly, upon EarP 

overexpression in E. coli wildtype, several rhamnosylated high-molecular proteins are 

detectable which are dependent on the presence of TDP-Rha (chapter 5, Fig. 4). These off-

targets could be rhamnosylated either at a loop region similar to the minimal recognition motif 

or contain some variations. Identifying these off-targets and their target sites could further 

contribute to our knowledge of acceptor promiscuity of EarP. 
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7.6 EarP as synthetic glycosyltransferase 

 

Taken together, our results (chapter 4 and 5) provide further insights into donor and acceptor 

substrate binding and promiscuity of the GT EarP. On the one hand, we were able to show for 

the first time that EarP allows for donor substrate promiscuity. On the other hand, we 

determined the minimal recognition motif which is sufficient for acceptor recognition. Again, 

EarP showed promiscuity as the GT tolerates amino acid sequence variation in the acceptor. 

These findings lay the basis for application of the GT EarP in synthetic biology and medicine. 

This is an important field as the properties and functionality of many therapeutics (70 % of 

therapeutic proteins (166)) is dependent on regio and stereo specifical glycosylation (167-170). 

In addition, recombinant therapeutic glycoproteins must resemble human glycosylation to 

avoid immune response (171). The application of the bacterial glycosylation machinery has 

opened a new route to achieve these desired glycosylations (10, 172, 173). The major 

advantages are the more simple and cheap culturing conditions compared to eukaryotic cell 

cultures (174). However, as the bacterial glycosylation systems differ from eukaryotic, 

engineering of prokaryotic glycosylation is necessary. EarP in particular seems to be an 

interesting target for engineering as it is a cytoplasmatic GT facilitating the availability of donor 

and acceptor substrates compared to recent approaches with the periplasmatic PglB (173). 

Additionally, the fact that EarP is a mono-GT could be useful in bottom-up constructions. There 

are different approaches ranging from rational design to domain swapping and combined GTs 

approaches.  

Based on crystal structure analysis, rational design aims at the engineering of a natural GT by 

different mutations (175). The basis for EarP rational mutagenesis was laid by different crystal 

structures including donor and acceptor binding states (91, 93, 94). We demonstrated that 

EarP possesses a natural donor substrate promiscuity (for example UDP) (chapter 5) making 

the GT an ideal starting point for further engineering (Fig. 7A top). Expanding the promiscuity 

of EarP by rational mutagenesis of residues in the TDP-Rha binding pocket could allow for 

altering or switching the donor substrate specificity. The most interesting substrate for a 

synthetic GT so far would be UDP-GlcNac as GlcNac is the ubiquitous initial linkage sugar in 

eukaryotic N-linked glycosylation. Originating from the GlcNac linkage, different glycans can 

be built in bottom-up approaches. EarP seems to be a promising candidate to transfer UDP-

GlcNac as it naturally binds UDP (chapter 5, Fig. 5). This would be a more direct way to achieve 

the precursor GlcNac linkage instead of glycan remodeling by trimming and transglycosylation 

(176). A further step including the switch from Arg- to Asn-linked glycosylation by EarP would 

lead to a synthetic GT exactly establishing the eukaryotic N-linked glycosylation precursor. It 

is also thinkable to reach this switch in the acceptor amino acid or the donor substrate 
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specificity via domain swapping. Here, chimeric glycosyltransferases are generated by 

combination of the N- and C-terminal domains of characterized GTs (177). In the past, a switch 

of substrate specificity was successfully developed using domain swapping (177, 178). 

The possibility of integrating a minimal recognition motif into other proteins in order to allow 

rhamnosylation by EarP is another interesting prospect arising from this study (Fig. 7A bottom). 

Also, already existing loop structures could be adapted to be recognized by EarP. The arginine 

walking experiment (chapter 5, Fig. 1) showed that there might be a huge range of loop 

structures that are recognized by EarP. Implementing the minimal recognition motif could be 

interesting for different therapeutics and vaccines whose functionality is influenced or 

dependent on glycosylation.  

One of the most prominent glycosylated therapeutics are recombinant monoclonal antibodies. 

Naturally, antibodies are N-glycosylated in the constant domain (Fc) which is postulated to be 

strongly involved in antibody stability, half-life, secretion, immunogenicity, and function (179). 

Variation of the attached glycans results in different glycoforms which can differ in biological 

efficiency (180). Hence, engineering of the Fc glycosylation is nowadays an important part of 

generating safe and efficient recombinant monoclonal antibodies (181). 

Glycosylation also plays an important role in the development of vaccines as it can influence 

the immunogenicity of an antigen. α-Gal (Gal-R(1,3)-Gal-β(1,4)-GlcNAc/Glc) is one of the most 

known carbohydrate antigens (182). The epitope is absent in humans whereas they naturally 

produce a huge amount of the anti-Gal antibody which specifically interacts with α-Gal 

epitopes. This mechanism is used to highly increase immunogenicity of tumour vaccines for 

example as the anti-Gal/α-Gal complex is efficiently presented to antigen presenting cells 

(183). Interestingly, even higher levels of antibodies against mono-L-rhamnose were also 

found in humans (184-186). This finding suggests that mono-rhamnosylated vaccines could 

serve as an alternative to the α-Gal (186). By implementing the minimal recognition motif of 

the GT EarP to vaccines, we could provide a simple tool to efficiently enhance the 

immunogenicity of various vaccines. 
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Figure 2: Post-and co-translational approaches to introduce protein glycation to non-target proteins. A) 
Post-translational glycosylation. Top: Rational design or domain swapping based on EarP (yellow/blue) lead to 
modification of non-target proteins (green) with desired activated nucleotide sugars (NDP-sugar (grey)). Bottom: 
Introducing of the structural recognition motif (blue loop structure) of EarP to proteins of interest leads to non-target 
rhamnosylation by EarP (yellow). B) Co-translational glycosylation. The aminoacyl-tRNA synthetase PylRS charges 
its cognate tRNACUA with fructoselysine (Lys-sugar (grey)) and integrates the sugar-amino acid at the desired 
position (amber codon) during translation of the mRNA (green line). 

 

7.7 Co-translational glycosylation using ε-Frk as non-canonical 

amino acid 

 

Engineering natural GTs like EarP is one possibility to achieve desired glycosylation in proteins 

of interest. Besides post-translational modification, co-translational integration using systems 

like amber suppression are useful to achieve modification of distinct amino acids (187). Using 

amber suppression, it is possible to incorporate non-canonical amino acids (ncAAs) site 

specific into proteins thereby expanding the genetic code (188). Therefore, a stop codon 

(amber codon UAG) is reassigned: the amber codon is converted into an elongation codon for 

a ncAAs through the usage and engineering of orthogonal aminoacyl-tRNA 

synthetase/tRNACUA pairs. As a result, the ncAA is incorporated in the growing polypeptide 

after mutating the desired site to an amber stop codon. The pyrrolysine tRNA synthetase‐tRNA 

pair (PylRS)/tRNACUA from the archaeum Methanosarcina mazei is often used as it is one of 

the most promiscuous pairs found in nature (189, 190).  

With this method, a large range of ncAAs including several PTMs was successfully integrated 

in proteins, whereby most of the ncAAs transferred by PyslRS are lysine derivates (191, 192). 

Different approaches integrating glycosylation co-translationally were established in cell-free 
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systems (193, 194). However, a major issue of this technique in vivo is the uptake and stability 

of the desired sugar-amino acid. Therefore, we searched for a natural occurring sugar-amino 

acid which can be transferred inside the cell without concomitantly processing (for example 

phosphorylation (195)). A promising candidate is ε-Frk, a sugar-amino acid formed via the 

Maillard reaction of glucose and lysine. E. coli was shown to be able to grow on ε-Frk (196) 

indicating that the bacterium encodes for an uptake and degradation mechanism. Here, the 

uptake, presumably by the permease FrlA, is separated from the degradation catalyzed by the 

kinase FrlD and the deglycase FrlB (131) making ε-Frk an interesting target for genetic code 

expansion. However, nothing is known about the regulation of the operon coding for the uptake 

and degradation of the sugar-amino acid. To be able to use ε-Frk for genetic code expansion, 

we investigated the ε-Frk catabolism regulation as a first step (chapter 6). 

In E. coli, the operon frlABCD, responsible for ε-Frk uptake and catabolism, is tightly controlled 

by positive and negative regulation. Promotor activation is achieved by the global transcription 

factor catabolite activator protein (CAP) and the sigma factor σ32 (RpoH) (chapter 6, Fig. 5). 

In the absence of ε-Frk, the transcriptional regulator FrlR, a member of the GntR/HutC family, 

recognized a consensus sequence upstream of the start codon (chapter 6, Fig. 7). Upon 

uptake of ε-Frk, FrlR binds the phosphorylated FrlD kinase product fructoselysine-6-phosphate 

leading to a structural rearrangement of the FrlR dimer (chapter 6, Fig. 8/9). Thereby, the DNA 

binding is weakened and transcription of the frlABCD operon is possible. This fine-tuned 

regulation allows for an efficient use of unusual substrates within the gut environment. 

Knowing the regulation of the ε-Frk catabolism, it is left over to investigate the uptake of the 

sugar-amino acid. The putative permease frlA might be crucial for increasing the amount of ε-

Frk within the cell. High concentrations of ε-Frk in the cell would improve the efficiency of 

genetic expansion approaches and lower the costs by efficient substrate uptake. Once the 

whole ε-Frk catabolism is characterized, it is worth investigating whether ε-Frk can be co-

translationally incorporated. This would finally enable the co-translational integration of 

glycosylation in vivo (Fib. 7B). 
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7.8 Outlook 

 

In this thesis, we showed that monorhamnosylation is a widely distributed protein modification 

in bacteria. Considering the importance of this PTM in regard of pathogenicity, rhamnosylated 

proteins, their corresponding GT, and nucleotide sugar biosynthesis proteins could be target 

for novel anti-microbial strategies. Moreover, the substrate promiscuity of the mono-GT EarP 

was determined, giving the prerequisite of synthetic protein glycosylation with EarP. 

Engineering of this GT by rational design or domain swapping could lead to a synthetic GT 

able to achieve site-specific mono-glycosylation matching the needs of glycosylated 

therapeutics. An alternative approach to build synthetic glycosylation is the co-translational 

modification using amber suppression. Investigation of ε-Frk as non-canonical amino acid 

could lead to successful in vivo glycosylation. These ideas of synthetic glycosylation contribute 

to the emerging field of synthetic biology and could have major impact on future medical 

applications. 
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