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3. Summary 

Periplasmic binding proteins (PBPs) are a highly versatile superfamily of proteins that cover a diverse 

ǎǇŜŎǘǊǳƳ ƻŦ ƭƛƎŀƴŘǎ ƛƴ ōŀŎǘŜǊƛŀ ŀƴŘ ŀǊŎƘŀŜŀΦ ¢ƘŜȅ ŘƛǎǇƭŀȅ ŀ ά±Ŝƴǳǎ-ŦƭȅǘǊŀǇέ ŀǊŎƘƛǘŜŎǘǳǊŜ ǿƘƛŎƘ Ŏƻƴǎƛǎǘǎ 

of two ̡ / -hlobes connected by a hinge region with the ligand binding site located at the interface of 

the two lobes. PBPs are predominantly open in solution and undergo a large conformational change 

(closure) upon ligand binding. PotF is 9Φ ŎƻƭƛΩǎ putrescine (PUT) PBP and recruits its ligand to the 

PotFGHI ABC-transporter system to facilitate uptake. In this thesis apo PotF as well as its binding 

mechanism and capabilities for other metabolically relevant biogenic amines has been investigated 

thermodynamically, in silico, and structurally. Results showed how PotF promiscuously binds agmatine 

(AGM), cadaverine (CDV), spermidine (SPD) and spermine (SPM) in a nanomolar to high micromolar 

range. SPD and AGM raised particular interest for further investigations.  

SPD uptake in E. coli is facilitated by PotD, a homolog of PotF that in its binding pocket displays seven 

differences. Prior to this work a PotF variant carrying these seven mutations was generated (PotF/D) 

and demonstrated a switch in polyamine preference from PUT to SPD. Unfortunately, PotF/D did not 

display nanomolar affinity for SPD, but simply conserved the already established mediocre binding 

from PotF wild type in PotF/D. Additionally, the crystal structure of PotF/D displayed a slightly more 

open conformation after binding SPD. This was only once previously observed for PotF binding with 

the large ligand SPM, which seems to interfere with complete closure. In this work the sequence space 

for the seven residue differences was combinatorically analyzed in terms of polyamine preference for 

SPD and PUT in several PotF constructs. Furthermore, specific residues that were deemed important 

for closure before, and their surrounding were targeted by mutagenesis to enable a full conformational 

change in PotF/D as complete closure can improve ligand binding. Through systematic analysis of all 

the different variants, effects on PUT and SPD polyamine preference in PotF can be pinpointed to 

specific binding pocket residues. Moreover, it was possible to improve the SPD affinity of PotF/D and 

to generate a version of PotF, which has its original polyamine specificity (nanomolar for PUT and 

micromolar for SPD) reversed. This can have implications for medical research as SPD uptake is linked 

to pathogenesis in multidrug resistant gram-negative bacteria and has been targeted by treatment 

strategies. Having highly adaptable PBPs like PotF at their disposal might allow pathogens to use the 

PotFGHI system to enable SPD uptake and bypass treatment strategies.  

The ligand AGM on the other hand is a neuromodulator and shows an influence on multiple 

neurotransmitter systems. Additionally, it is assumed to be a non-selective drug with multiple targets. 

AGMs specific modes of action and mechanisms are largely unknown and unexplored; therefore, this 

thesis presents the development of an AGM biosensor by inserting a circularly permuted GFP (cpGFP) 

into PotF. The gained insight from the PotF wildtype and the PotF/D study were combined to semi-
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rationally engineer an AGM specific PotF receptor module as well as a non-binding control variant, 

which combined with cpGFP resulted in the AGM sensor AGMsen and a control sensor. The non-

binding control sensor offers a control when setting up experiments. AGMsen allows fluorescence 

tracking of AGM in a non-invasive manner upon ligand binding inside and displayed on HEK cells, as 

well as displayed on rat hippocampal neurons. This proves functionality of the PotF-based sensor which 

paves the way for further engineering and is a first step towards improving the understanding of AGMs 

function in the brain.  
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4. Zusammenfassung 

Die periplasmatischen Bindeproteine (PBPs) sind eine vielfältige Superfamilie von Proteinen, die ein 

breites Spektrum an Liganden in Bakterien und Archaeen bindenΦ {ƛŜ ōŜǎǘŜƘŜƴ ŀǳǎ ȊǿŜƛ ʲκʰ-Domänen, 

die durch eine Scharnierregion verbunden sind. Diese Konstellation wird auch als "Venus-

Fliegenfallen"-Architektur bezeichnet, wobei sich die Ligandenbindungsstelle zwischen den 

Grenzflächen der beiden Domänen befindet. In Lösung liegen PBPs vorwiegend in einem offenen 

Zustand vor und vollziehen bei Ligandenbindung eine große Konformationsänderung (Schließung). 

PotF ist E. colis Putrescin (PUT) PBP und rekrutiert seinen Liganden an das PotFGHI ABC-

Transportersystem, um so die Aufnahme von PUT ins Zellinnere zu ermöglichen. In der hier vorgelegten 

Promotionsarbeit wurden apo PotF und sein Bindungsmechanismus für andere metabolisch relevante 

biogene Amine thermodynamisch, in silico und strukturell untersucht. Die Ergebnisse zeigen, dass PotF 

neben PUT auch Agmatin (AGM), Cadaverin (CDV), Spermidin (SPD) und Spermin (SPM) mit 

nanomolaren bis hoch mikromolare Affinitäten bindet. SPD und AGM sind hierbei von besonderem 

Interesse für weitere Untersuchungen. 

Die Aufnahme von SPD erfolgt in E. coli durch PotD, ein homologes Protein zu PotF, welches in seiner 

Bindungstasche sieben Unterschiede aufweist. Vor dieser Arbeit wurde eine PotF-Variante mit diesen 

sieben Mutationen erzeugt (PotF/D), die eine Veränderung der Polyaminpräferenz von PUT zu SPD 

zeigte. Leider weist PotF/D keine nanomolare Affinität für SPD auf, sondern konserviert lediglich die 

bereits vorhandene SPD-Affinität vom PotF-Wildtyp. Des Weiteren zeigt die Kristallstruktur von PotF/D 

nach Bindung von SPD eine halbgeschlossene Konformation, die zuvor nur einmal bei der Bindung von 

PotF mit SPM beobachtet wurde, einem Liganden, der auf Grund seiner Größe die vollständige 

Schließung zu stören scheint. In dieser Arbeit wurde der Sequenzraum für die sieben 

Positionsunterschiede in Bezug auf die Polyaminpräferenz für SPD und PUT in mehreren PotF-

Konstrukten kombinatorisch analysiert. Darüber hinaus wurden spezifische Reste, die zuvor als wichtig 

für die Schließung identifiziert wurden, sowie ihre Umgebung durch Mutagenese gezielt verändert, um 

eine vollständige Schließung in PotF/D zu ermöglichen und so die Ligandenaffinität zu verbessern. 

Durch eine systematische Analyse der verschiedenen Varianten konnten die Auswirkungen auf die 

PUT- und SPD-Polyaminpräferenz in PotF auf spezifische Reste in der Bindetasche zurückgeführt 

werden. Darüber hinaus war es möglich, die Affinität von PotF/D zu SPD zu verbessern und eine 

Variante von PotF zu erzeugen, bei der die ursprüngliche Polyaminpräferenz (nanomolar für PUT und 

mikromolar für SPD) umgekehrt ist. Dies sind interessante Aspekte für die medizinische Forschung, da 

die SPD-Aufnahme mit der Pathogenese multiresistenter gramnegativer Bakterien in Verbindung 

gebracht wird und Gegenstand von Behandlungsstrategien gegen diese ist. Pathogene, die über 
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hochgradig anpassungsfähige PBPs wie PotF verfügen, könnten das PotFGHI-System nutzen, um SPD-

Aufnahme zu ermöglichen und so Behandlungsstrategien umgehen. 

Im Gegensatz zu SPD ist AGM ein Neuromodulator und beeinflusst verschiedene 

Neurotransmittersysteme. Zudem wird angenommen, dass AGM ein nicht-selektiver Wirkstoff mit 

mehreren molekularen Zielen ist, der Behandlungsstrategien unterstützen kann. AGMs spezifische 

Wirkungsweise und Mechanismen sind weitgehend unbekannt und unerforscht. Daher geht es in 

dieser Promotionsarbeit auch um die Entwicklung eines AGM-Biosensors der durch Einbringung eines 

zirkulär permutierten GFP (cpGFP) in PotF konstruiert wurde. Die gewonnenen Erkenntnisse aus der 

PotF-Wildtyp und der PotF/D-Studie wurden kombiniert, um ein AGM-spezifisches PotF-

Rezeptormodul sowie eine nicht-bindende Kontrollvariante zu entwickeln. Die Kombination dieser mit 

cpGFP resultierten im AGM Sensor AGMsen und einem Kontrollsensor. Der Kontrollsensor kann in 

Experimenten als Negativkontrolle fungieren und AGMsen ermöglicht die nicht-invasive 

Fluoreszenzverfolgung von AGM nach Ligandenbindung in und auf HEK-Zellen sowie auf 

hippocampalen Neuronen der Ratte. Dies bestätigt die Funktionalität des PotF-basierten Sensors, der 

somit einen ersten Schritt zum besseren Verständnis der Funktion von AGM im neuronalen System 

darstellt. 
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5. Introduction 

5.1 Biomolecular recognition and periplasmic-binding proteins 

Molecular interactions are tightly regulated and important in all aspects of life. They range from being 

specifically tailored towards unique partners to being very promiscuous. Highly specific receptor 

interactions are invaluable for crucial processes in life i.e., specific neuronal transmissions in the brain, 

whereby promiscuity is a feature that allows for the binding of chemically and structurally similar 

molecules (Schreiber and Keating, 2011). This enables quick adaptability and reduces the number of 

needed recognition systems to similar stimuli.  

In gram-negative bacteria and archaea, the periplasmic-binding proteins (PBP) are the main 

contributor to recognizing different types of solutes in the periplasm e.g., carbohydrates, amino acids, 

vitamins, and ions (Borrok et al., 2009). Interestingly, gram-positive bacteria have homologous extra-

cytoplasmic lipoproteins which take up the same role as PBPs (Tam and Saier, 1993). All these proteins 

work hand in hand with ABC-transporter systems: they bind small molecules and escort them to the 

transporter (Tam and Saier, 1993; Moussatova et al., 2008), where they can be taken up into cells and 

used for further downstream processes. These multi disperse processes range from metabolism to 

chemotaxis and even quorum sensing (Quiocho and Ledvina, 1996; Chen et al., 2002). 

The superfamily of PBPs displays a large sequence diversity concomitant with all the different solutes 

they recognize. Structurally, PBPs are highly conserved and are divided into class I and class II PBP-like 

folds. Some famous representatives of class I type PBPs are the ribose binding protein (RBP) and the 

promiscuous lysine, arginine, and ornithine binding protein (LAO-BP). Nevertheless, the most famous 

and well-studied example of a PBP belongs to class II and is the maltose binding protein (MBP) which 

is responsible for the uptake of maltodextrins in E. coli (Mächtel et al., 2019). PBP class II displays a 

slightly more complex structure compared to class I, which is in line with the current evolutionary 

pathway that is proposed for PBPs. Class II is suggested to have evolved from class I by domain 

dislocation while class I is proposed to be the result of a gene duplication event of a flavodoxin-like 

folded protein with an ancestral dimer intermediate (Figure 1; Fukami-Kobayashi et al., 1999).  
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Figure 1: Proposed evolutionary pathway for PBPs. The flavodoxin (Fld)-like fold shows high similarity to the two lobes of 
PBPs, hence it was hypothesized that PBPs evolved via a gene duplication event of a Fld. The formation of a dimeric Fld-
precursor enforced by helix swapping is implicated (E in schematic). Fusion of the duplicated gene copies resulted in PBP-like 
fold I in which the ̡-sheets arrange in the order 5, 4, 3, 1,2 in the lower and 10, 9,8,6,7 in the upper lobe, linking the swapped 
helix from the N-terminal half to ̡ сΦ t.t-like fold II evolved from fold I by domain swapping, which is best portrayed in the 
rearrangement of the -̡ǎƘŜŜǘǎΦ Lƴ ŦƻƭŘ LL ǘƘŜ ʲ-sheets are ordered 4,10,3,1,2 in the lower and 9, 5, 8, 6, 7 in the upper lobe 
with 10 and 5 originating from the opposite lobes. Figure adapted from Fukuma-Kobayashi et al., 1999 and drawn with Affinity 
Designer (Serif Europe Ltd. 1987). 

However, the most notable feature of PBPs is conserved: their large domain motion during ligand 

binding. The binding of small molecules takes place at the hinge region of the protein which is located 

ōŜǘǿŜŜƴ ǘǿƻ ʲκʰ ƭƻōŜǎΦ Lƴ ǎƻƭǳǘƛƻƴ t.tǎ ŀǊŜ Ǉrimarily in an open conformation, and upon ligand 

encounter the lobes close, burying the ligand inside the protein. This motion sequence combined with 

the overall structure is often described as a venus-flytrap architecture because of the clear similarities 

of ligand binding in PBPs and insect catching in the carnivorous plant Dionaea muscipula.  

The specific mechanism of PBPs changing from open to closed conformation has been studied 

extensively. NMR experiments show that apo-MBP undergoes a rapid exchange between a major open 

(95%) and a minor closed form (5%) on a micro-to nanosecond timescale in solution (Tang et al., 2007). 

This raises the questions how ligand binding in PBPs can be modelled best. Bucher et al. 2011 used 

accelerated molecular dynamics simulations to analyze conformational selection, induced fit and a 

mixed model. Conformational selection is based on the presence of both conformations (open and 

closed) of the PBP in solution and the ligand choosing the closed as its preferred state. This was ruled 

out in favor of the induced fit model which is in line with the prior hypothesis where ligand encounter 

occurs in the open state leading to closure of the PBP. Interestingly, a mixed model based on a 

previously sampled semi-closed conformation of MBP (Bucher et al., 2011a) also seems plausible. In 

this model the protein would exchange between an open and a semi-closed form, with the latter being 

favored for ligand encounter, followed by a complete closure like in the induced fit model (Bucher et 

al., 2011b).  

The large conformational change of the PBP structure allows for the formation of new interaction 

surfaces and is the driving force for ABC-transporter interaction (Hollenstein et al., 2007). The two 

distinct states enable exposure of the binding pocket to two highly different environments. Ligands 
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can be positioned at the solvent-excluded, low dielectric protein interior (closed) while still permitting 

binding site residues to be placed at the evolving sites of the protein surfaces (open), which could 

explain the adaptability and coverage of various ligands by PBPs (Dwyer and Hellinga, 2004). In addition 

to all of this, PBPs share an evolutionary relationship with the ligand binding domains of ionotropic 

glutamate and GABA (ɹ-aminobutyric acid) receptors (Felder et al., 1999; Lee et al., 2019) which makes 

them an interesting target for neuroscientific research as well.  

5.2 The periplasmic-binding protein PotF and putrescine uptake in E. coli  

A special representative of class II PBPs and the focus of this doctoral thesis is Escherichia coliΩs (E. coli) 

putrescine (PUT) binding protein PotF. It is 370 amino acids in length which corresponds to a size of 

around 41 kDa with the first 26 N-terminal residues making up the periplasmic export signal peptide. 

PotF constitutes the first element in the multicomponent PotFGHI uptake system for the cationic 

polyamine PUT. The operon for this transport system in E. coli was first mapped in 1993 (Pistocchi et 

al., 1993) and further analysis identified a nucleotide binding sequence in the membrane associated 

PotG and membrane spanning segments in PotH and PotI. Together these proteins constitute the PUT 

transporter, with PotH and PotI spanning the inner membrane and PotG working as the ATP-binding 

cassette (ABC; Figure 2C). The first crystal structure of PotF was solved by Vassylyev et al. in 1998, 

confirming the periplasmic binding protein architecture (Figure 2A). PotF displays an ellipsoid shape 

consisting of two globular lobes each composed of a five-ǎǘǊŀƴŘŜŘ ŎŜƴǘǊŀƭ ʲ-sheet and six -hhelices 

(bottom lobe, N-terminus) or eight h -helices (top lobe, C-terminus). In the center of the molecule these 

two lobes ŀǊŜ ƭƛƴƪŜŘ ōȅ ǘǿƻ ŀƴǘƛǇŀǊŀƭƭŜƭ ʲ-strands, referred to as hinge region (Vassylyev et al., 1998) 

with the PUT binding site being located at the interface of the two lobes.  

Prior to PotF, its homologous protein PotD has been structurally characterized (Sugiyama et al., 1996). 

As is common for PBPs, PotD shows a low sequence identity (35%; Sugiyama et al., 1996) but a high 

structural similarity (Figure 2B) to PotF, which even made it possible to graft the binding pocket of PotD 

onto PotF (Scheib et al., 2014). Moreover, PotD preferably binds the polyamine spermidine (SPD), 

which is PUT extended by one propylamine moiety. Similarly, to PotF, PotD is the first component of 

the SPD uptake system PotABCD, with PotA being a homologue to the ABC PotG and PotH & I 

homologues to PotB & C, respectively with sequence identities ranging from 36% - 42%. Furthermore, 

it has been shown that PotD can bind PUT (Kashiwagi et al., 1993) and thus the PotABCD system can 

facilitate PUT uptake as well (Kashiwagi et al., 1991). Additionally, another PUT uptake protein PuuP 

has been reported (Terui et al., 2014). This protein imports PUT for its utilization as an energy source 

in the absence of glucose while the PotFGHI system is more involved in maintaining optimal 

concentrations of PUT for cell growth in the presence of glucose as an energy source. 
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Figure 2: Crystal structure of PotF (A) and PotD (B) as well as the schematic representation of the PotFGHI PUT-uptake 
system in E. coli. PotF (A; PDB: 1A99) and PotD (B; PBD: 1POT) display a highly similar crystal structure, especially, the lower 
lobes do not deviate from each other besides in some loop regions. Both proteins are displayed as cartoon, -̡sheets are 
shown in gray, loops in red and h-helices in blue (PotF) or green (PotD). The wildtype ligands PUT and SPD for both proteins 
are shown in the binding pocket and are represented as spheres in green and salmon, respectively. Protein structures were 
drawn with PyMOL (The PyMOL Molecular Graphics System, Version 2.0 Schrödinger, LLC.). The PotFGHI PUT-uptake 
machinery (C) consists of the PBP PotF, which recognizes PUT in the periplasm and escorts it to the ABC transporter. PotH 
and PotI span the inner membrane and PotG functions as the ABC. Schematic was drawn with Affinity Designer (Serif Europe 
Ltd. 1987). 

5.3 Biogenic amines: synthesis, function, and metabolism  

PUT and SPD are the main polyamines in bacteria and over the years multiple homo- and orthologs to 

the biogenic amine uptakes systems of PotF and PotD have been reported in a multitude of different 

bacterial strains (Machius et al., 2007; Brandt et al., 2010). This illustrates the importance of biogenic 

amines as they play a central role in nucleic acid and protein biosynthesis as well as in proliferation 

and therefore, cell growth (Tabor and Tabor, 1984; Pegg, 1988; Igarashi and Kashiwagi, 2006). In E. coli 

PUT, cadaverine (CDV) and agmatine (AGM) can be generated by the decarboxylation of the amino 

acids ornithine (Orn), Lys and Arg, respectively (Figure 3). Besides its direct formation from Orn by the 

ornithine decarboxylase (ODC, speC), PUT can be generated from Arg in two steps. First, Arg is 

decarboxylated to AGM by arginine decarboxylase (ADC, speA) followed by the removal of urea by 

agmatinase (speB), producing PUT (Figure 3).  

Two further exceptions are SPD and spermine (SPM), which are synthesized by the SPD synthase 

(speE). The SPD synthase converts PUT into SPD by transferring a propylamine group from  

S-adenosylmethioninamine (SAMamine) to PUT (Figure 3). This newly formed SPD can be further used 

as a substrate to which the transfer of another propylamine group from a SAMamine can occur to form 

SPM (Bowman et al., 1973). All these polycations can function as neutralizing charges on nucleic acids; 

they stabilize membranes or stimulate RNA-polymerases and some ribosomal proteins (Abraham, 

1968; Tabor and Tabor, 1985; Huang et al., 1990). Furthermore, intracellular osmotic and ionic strength 

can be regulated and stabilized in accordance to changing conditions by excreting PUT rapidly from the 

cell (Munro et al., 1972). 
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Figure 3: Biogenic amine metabolism in E. coli. AGM, PUT and CDV can be generated by the decarboxylation of their 
precursor amino acids Arg, Orn and Lys, by their respective decarboxylases. PUT can also be formed by agmatinase, which 
removes urea from AGM. SPD can be formed from PUT by transferring a propylamine group from S-adenosylmethioninamine 
onto it. In the same fashion spermine (SPM) can be generated from SPD. In E coli both reactions are catalyzed by the SPD 
synthase. MarvinSketch was used for drawing chemical structures, Marvin 19.27.0, 2019 (ChemAxon) and schematic was 
drawn with Affinity Designer (Serif Europe Ltd. 1987). 

Biogenic polyamines do not only play an important role in bacteria but are involved in different 

processes in eukaryotes as well. The basic premise for function based on the polycationic properties, 

like nucleic acid or protein interaction, are the same in eukaryotes and hence polyamines influence 

replication, protein synthesis and regulate cell differentiation or apoptosis (Igarashi and Kashiwagi, 

2010). Depletion of intracellular SPD and SPM levels by overexpression of the catabolic enzyme 

spermidine/spermine N1-acetyltransferase 1 (SAT1) even leads to an arrest in protein synthesis 

(translation) and growth in mammalian cells (Mandal et al., 2013). Unfortunately, being involved in all 

these important regulatory processes makes polyamines a big contributor in tumorigenesis as well 

(Gerner and Meyskens, 2004): Their presence and metabolism are often up- and dysregulated in cancer 

cells (Soda, 2011; Casero et al., 2018). Therefore, polyamines have become the target of chemotherapy 

and chemoprevention (Rial et al., 2009) as well as biomarkers for tumor progression in specific cancer 

types (Casero et al., 2018).  
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5.4 Spermidine plays an important role in bacterial pathogenesis  

PotF displays a 7.3 µM affinity for SPD, and with the mentioned possibility to graft PotDs binding pocket 

onto PotF (Scheib et al., 2014), considering SPD as a natural PotF ligand is highly important.  Similar 

results regarding PUT and SPD binding have been observed for respective homologs SpuD (PotF, 

sequence identity: 57.8%) and SpuE (PotD, sequence identity: 34%) in Pseudomonas aeroguinosa 

(P. aeroguinosa; Wu et al., 2012). Wu et al. altered the exclusive SPD binding protein SpuE by 

exchanging Trp271 of the binding pocket to Phe, making space for an important water molecule, which 

seems to originally promote PUT binding in SpuD. This resulted in a SpuE variant, which exhibits a 

1.12 ˃ M affinity for PUT. In addition, the reverse mutation of Phe273 to Trp in SpuE lowered the PUT 

affinity by 250-fold compared to the wildtype. Unfortunately, changes in SPD affinity were not 

analyzed in this study. Nevertheless, these results show the importance of just one key aromatic 

binding pocket residue at position 271 (SpuE) and corresponding position 273 (SpuD) for polyamine 

specificity. These findings indicate that PotF and PotD as well as their homologs can fulfill their 

ǊŜǎǇŜŎǘƛǾŜ ƻǘƘŜǊΩǎ ǊƻƭŜ which can be further enhanced by just single point mutations. This can be of 

great importance when looking at pathogenic bacteria. PotD was identified as a potential virulence 

factor in Streptococcus pneumoniae (S. pneumoniae) since a PotD deficient (ɲǇƻǘ5) mouse-virulent 

strain showed a clear attenuation in virulence within models of systemic and pulmonary infection 

independent of the inoculation route or location (Ware et al., 2006). Furthermore, PotD was 

successfully applied as an immunization against S. pneumoniae infection in mice where the immunized 

animals showed a 91.7% survival rate upon a lethal pneumococcal challenge compared to a 100% 

mortality rate in the control group (Shah and Swiatlo, 2006). Nonetheless, the study on the ɲǇƻǘ5 

strain showed wild type like growth upon exogenous PUT or SPD addition, which hints at another 

polyamine transport system for SPD in S. pneumoniae (Ware et al., 2006) and could suggest a possible 

co-usage of PotF to ensure adequate SPD levels inside bacterial cells.  

Moreover, SPD uptake has been linked to the expression of type III secretion systems (T3SS; Zhou et al., 

2007). T3SS are used by pathogens to deliver bacterial effector proteins into eukaryotic host cells 

(Ghosh, 2004) and, hence, play an essential role in in pathogenesis of multidrug-resistant gram-

negative bacteria (Felise et al., 2008; Keyser et al., 2008). Zhou et al. showed that mutations in the 

major SPD uptake system spuDEFGH decrease the transcription of most T3SS genes in P. aeroguinosa 

significantly. It is not surprising that therefore, the design of a SpuE antibody to prevent SPD transport 

attenuates virulence and ultimately weakens P. aeroguinosa infections (Zhang et al., 2019). The 

potential of PotF and its relatives to be able to facilitate SPD besides PUT uptake can make PotF a 

reasonable target for treatments. In addition, PUT uptake has also been shown to influence virulence 

gene expression in the intestinal pathogen Shigella flexneri (S. flexneri; Durand and Björk, 2003). 



Introduction 
   

7 

5.5 Agmatine: a neuronal biogenic amine and potential PotF ligand 

Biogenic amines do not only exert influence on different regulatory processes inside cells. One very 

famous class of biogenic amines are the neurotransmitters e.g., serotonin, histamine and the three 

catecholamines dopamine, epinephrine (adrenaline), and norepinephrine (noradrenaline). These 

neurotransmitters are also synthesized from amino acids: Serotonin is based on Trp, histamine on His 

and the other three originate from Tyr. Another molecule that is synthesized in the brain, stored in 

synaptic vesicles, accumulated by uptake, and released upon depolarization is AGM (Reis and 

Regunathan, 2000)Φ ¦ƴŦƻǊǘǳƴŀǘŜƭȅΣ ƴƻ !Da ǎǇŜŎƛŦƛŎ ǇƻǎǘǎȅƴŀǇǘƛŎ ǊŜŎŜǇǘƻǊ ƻǊ άŀƎƳŀǘƛƴŜǊƎƛŎέ ƴŜǳǊƻƴŀƭ 

system has been identified by now, labeling it a neuromodulator and co-transmitter instead of a 

άŎƭŀǎǎƛŎέ ƴŜǳǊƻǘǊŀƴǎƳƛǘǘŜǊΦ Still, AGM shows an influence on multiple molecular targets that include 

neurotransmitter systems like nicotinic, imidazoline I1 and I2Σ ʰ2-adrenergic, glutamate NMDAR, and 

serotonin 5-HT2A and 5HT-3 receptors (Piletz et al., 2013). Most common central nervous system 

disorders have a diverse origin and due to its high occurrence in the peripheral and central nervous 

system, ADa ƛǎ ƘȅǇƻǘƘŜǎƛȊŜŘ ǘƻ ōŜ ŀ άƳŀƎƛŎŀƭ ǎƘƻǘƎǳƴέΣ ŀ ƴƻƴ-selective drug with multiple targets, 

that can lead to more effective treatments (Roth et al., 2004; Piletz et al., 2013). AGM has shown 

antidepressant-like effects (Zomkowski et al., 2002; Chen et al., 2018) and improves cognitive 

ŘȅǎŦǳƴŎǘƛƻƴ ƛƴ !ƭȊƘŜƛƳŜǊΩǎ ŘƛǎŜŀǎŜ (Song et al., 2014). Furthermore, it offers protection against 

schizophrenia by influencing the dopaminergic signaling in the brain (Kotagale et al., 2012) and has 

beneficial effects against multiple sclerosis (Ninkovic et al., 2015).  

Compared to the other biogenic amine neurotransmitters, AGM is a precursor to PUT in metabolism 

(Figure 3). Therefore, their structures are highly similar: they share the same 1-aminobutane core, with 

AGM carrying a guanidine as a functional group at carbon atom four as opposed to the amino group 

of PUT (Figure 3). This similarity could allow PotF to bind AGM making it a possible natural ligand 

among the other described polyamines SPD, CDV and SPM. Moreover, the uniqueness of AGMs 

functional group could make an attractive target for engineering PotF towards AGM-specific binding. 

With AGM being a potential therapeutic as well as playing an important role in neuroscience this 

approach could be especially interesting for biosensor engineering. A fluorescent sensor could allow 

tracking of AGM in terms of spatiotemporal localization or molecular mechanisms in vivo in non-

invasive experimental set-ups. Most of these biosensors consist of proteins that are either chemically 

modified or genetically coupled to a fluorescent reporter (Frommer et al., 2009; Tainaka et al., 2010). 

Another type of sensor are transcription factors that initiate the biosynthesis of downstream reporter 

genes upon ligand binding (Binder et al., 2012). Generally, a fluorescent signal is triggered by all these 

sensor classes after binding their respective target molecule. For PBPs like PotF, the sensor 
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construction focuses on the drastic conformational closure in the receptor module induced by ligand 

binding, with green fluorescent protein (GFP) being the most commonly used effector domain.  

5.6 The green fluorescent protein and its application in biosensor design 

The first discovery of the naturally fluorescent protein GFP dates back to 1962, where it was found in 

Aequorea victoria (A. victoria) by Osamu Shimomura (Shimomura et al., 1962; Shimomura, 2005). Its 

primary sequence was first isolated and sequenced in 1992 (Prasher et al., 1992) and it has been 

applied for laboratory use i.e., as a marker for gene expression, ever since (Chalfie et al., 1994). The 

ŎǊȅǎǘŀƭ ǎǘǊǳŎǘǳǊŜ ƻŦ DCt ǎƘƻǿǎ ǘƘŀǘ ǘƘŜ ноу ŀƳƛƴƻ ŀŎƛŘ ƭƻƴƎ ǇƻƭȅǇŜǇǘƛŘŜ ŦƻƭŘǎ ƛƴǘƻ ŀ нсΦф ƪ5ŀ ʲ-barrel 

ŎƻƴǎƛǎǘƛƴƎ ƻŦ мм ǎǘǊŀƴŘǎ ǘƘŀǘ ǎǳǊǊƻǳƴŘ ŀ ŎŜƴǘǊŀƭ ʰ-helix (Figure 5; Ormö et al., 1996) that includes the 

fluorophore formed by spontaneous cyclization and oxidation of the sequence Ser65-Tyr66-Gly67 

(Figure 4).  

 

Figure 4: Chromophore formation in GFP. After correct folding of the protein, cyclization occurs due to a nucleophilic attack 
of the amid electron pair from Gly67 to the carbonyl group of Ser65. This is followed by a dehydration and oxidation step to 
form a ŎƻƴƧǳƎŀǘŜŘ ˉ-system which is linked to the functional phenol group of Tyr66Φ ¢Ƙƛǎ ŜȄǘŜƴŘŜŘ ˉ-system is the mature 
chromophore and responsible for the fluorescence of GFP. MarvinSketch was used for drawing chemical structures, Marvin 
19.27.0, 2019 (ChemAxon) and schematic was drawn with Affinity Designer (Serif Europe Ltd. 1987). 

After folding of the protein, chromophore maturation occurs rapidly with residues Ser65 and Gly67 

condensing into a five membered heterocycle by hemiaminal formation through nucleophilic attack of 

the amid electron pair from Gly67 to the carbonyl group of Ser65. The hemiaminal undergoes 

dehydration and an aminal is formed in the now monosaturated five-ring. Through oxidation at ch  and 

c̡  of Tyr66Σ ǘƘŜ ƴŜǿƭȅ ŦƻǊƳŜŘ ŘƻǳōƭŜ ōƻƴŘ ƻŦ ǘƘŜ ŦƛǾŜ ǊƛƴƎ ƛǎ ƭƛƴƪŜŘ ǘƻ ǘƘŜ ŎƻƴƧǳƎŀǘŜŘ ˉ-system of the 

ŦǳƴŎǘƛƻƴŀƭ ǇƘŜƴƻƭ ƎǊƻǳǇΦ ¢Ƙƛǎ ŜȄǘŜƴŘŜŘ ˉ-system is also called the p-hydroxybenzylidene-

imidazolinone chromophore and is responsible for the visible absorbance and fluorescence of GFP 

(Cubitt et al., 1995). The order in which dehydration and oxidation occur has not been fully clarified 
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yet, but it has been proposed that under highly aerobic in vitro conditions, the dominant reaction path 

follows a cyclization-oxidation-dehydration mechanism (Zhang et al., 2006) while in the originally 

proposed mechanism dehydration immediately occurs after ring closure as shown in figure 4 (Cubitt 

et al., 1995).  

The fluorescence properties of GFP have been engineered since the start of its characterization. The 

first major improvement of GFP was the exchange of Ser65 to Thr, leading to enhanced fluorescence 

and photostability. Furthermore, this mutation shifted the major excitation peak to 488 nm, with the 

emission peak maintained at 509 nm (Heim et al., 1995) making it more convenient to use in a 

laboratory set-up than the wild type GFP which displays two excitation peaks at 395 and 475 nm. In 

addition to S65T, a mutation of Phe64 to Leu was discovered, improving folding stability at 37°C and 

thereby allowing application of GFP in mammalian cell culture (Cormack et al., 1996). Moreover, 

exchanging one residue adjacent to the chromophore (Thr203) results in significantly red-shifted 

excitation and emission maxima (Ormö et al., 1996). Therefore, GFP is the progenitor of a whole range 

of fluorescent proteins (FPs) with different spectroscopic properties and a vast variety of hues of which 

most can be found in the fluorescent protein data base FPbase (Lambert, 2019). Still, all FPs share the 

ǎŀƳŜ ʲ-barrel architecture since the entire structure is essential for fluorescence development and 

maintenance (Remington, 2006; Kremers et al., 2011). In contrast to most other proteins, FPs have 

many charged residues in their core, which promote the binding of water molecules, locking them into 

specific conformations inside the protein (Kremers et al., 2011). This is important since the 

fluorescence is highly dependent on the specific chemical surroundings of the chromophore, with 

changes to the local environment resulting in massive changes in spectral characteristics, 

photostability, acid resistance and a variety of other physical properties (Kremers et al., 2011). 

Another unique GFP is the circularly permuted version cpGFP (Figure 5; Baird et al., 1999). For circular 

permutation, the original termini of GFP were connected by a GGTGGS linker while new termini were 

ŎǊŜŀǘŜŘ ōŜǘǿŜŜƴ ǊŜǎƛŘǳŜ Ǉƻǎƛǘƛƻƴǎ мпп ŀƴŘ мпр ƛƴ ǘƘŜ ǎŜǾŜƴǘƘ ʲ-strand of the original barrel. Baird et 

al. observed that this location within the cpGFP can tolerate the insertion of entire proteins, and 

conformational changes in the insert can have a strong influence on the fluorescence. They introduced 

calmodulin and zinc finger domains into a yellow fluorescing variant of cpGFP resulting in constructs 

that increase their fluorescence upon metal binding. In the case of the calmodulin construct this 

created a sensor that can monitor cytosolic Ca2+ content in mammalian cells (Baird et al., 1999).  
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Figure 5: GFP from A. Victoria (left, PDB: 1EMA) and cpGFP (right, extracted from PDB: 3OSQ). In GFP N- and C-termini are 
in close proximity and located at the bottom of the barrel. For permutation these termini were linked by a GGTGGS linker in 
cpGFP as highlighted at the bottom of the structure. The linker seems to be highly flexible as seen in the dashed lines in the 
structure which represents missing electron density for five residues. The new termini were introduced at wild type positions 
144 and 145 near the chromophore. Both proteins are displayed as cartoon, h -helices ŀƴŘ ʲ-sheets are shown in light green 
(GFP) or dark green (cpGFP), loops are shown in red and the chromophore in black sticks in the middle of the barrel. Protein 
structures were drawn with PyMOL (The PyMOL Molecular Graphics System, Version 2.0 Schrödinger, LLC.) and modifications 
with Affinity Designer (Serif Europe Ltd. 1987). 

To tackle the problem that wild type and other GFP variants used in protein fusion often misfold when 

expressed, Pédelacq and colleagues engineered superfolder GFP (sfGFP, Pédelacq et al., 2006), which 

shows improved tolerance of circular permutation, greater resistance to chemical denaturants and 

improved folding kinetics. Combining the properties of sf- and cpGFP, a superfolder circularly 

permuted GFP (sfcpGFP) offers perfect attributes to be used as an effector module in PBP-based 

biosensor engineering. The superfolder mutations will keep the overall construct stable and lead to 

robust folding, while the circular permutation will offer fluorescence signal sensitivity to the 

conformational change upon ligand binding of the PBP.  

5.7 Fluorescent biosensors 

The toolbox of FPs offers a wide range of different hues with unique photophysical properties spanning 

the whole spectrum of visible light by ranging from near-ultraviolet to near-infrared (Tomosugi et al., 

2009; Shcherbakova and Verkhusha, 2013; Rodriguez et al., 2017). This was possible by discovering 

new variants in species other than A. victoria and further expanding them via protein engineering. 

Fluorescence is a rapid process on a nanosecond scale, all while being spatially precise with an emission 

wavelength smaller than cellular structures. Therefore, it makes an excellent tool for monitoring 

cellular processes with a combined temporal and spatial resolution not possible with traditional 
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biochemical methods (Greenwald et al., 2018). These features of an effector module joined with 

specific receptors that transmit ligand recognition to the effector leads to the creation of powerful 

sensing tools which can elevate many research fields to a new level. As stated before, proteins that 

undergo conformational changes make great receptor molecules because their global motion can be 

transferred to a FP resulting in a quantifiable signal. This has been used for the creation of two main 

classes of genetically encoded biosensors, which are either based on Förster resonance energy transfer 

(FRET) between two FPs or on allosteric modulation of fluorescence from a single FP (Nasu et al., 2021). 

In the case of FRET sensors, two FPs in which fluorescence spectra overlap, are chosen since the 

emitted light of the higher energy donor FP (blue shifted) needs to excite the lower energy acceptor 

FP (red shifted; Ciruela, 2008). This energy transfer is highly dependent on the donor and acceptor 

dipole moment and distance with an inverse 6th-power law. This is especially important for biosensor 

engineering since fluorophores must be linked to the conformationally responsive receptor domain in 

a way that the chromophores get in a proximity of < 10 nm and that their dipoles are arranged in 

parallel upon ligand binding. The most famous FRET-FP pair are CFP (cyan fluorescent protein) and YFP 

(yellow fluorescent protein), where CFP gets excited by blue light (430 nm) and emits cyan 

fluorescence which in return can excite YFP, resulting in emission of yellow fluorescence. Energy 

transfer efficiency and FRET ratio can then be calculated to draw conclusions about binding and 

detection events. Recently, a FRET-biosensor for the visualization of the central plant hormone auxin 

has been engineered that allows the direct und dynamic measurement of auxin in different stages of 

the development of the plant at subcellular resolution, showing the robustness and potential of this 

approach for engineering sensors (Herud-{ƛƪƛƳƛŏ Ŝǘ ŀƭΦΣ нлнмύ.  

The usage of two FPs also brings disadvantages, the most obvious being the requirement to measure 

two emission colors, which can limit the opportunities of multicolor detections and multiparameter 

imaging (Carlson and Campbell, 2009). The FPs in a FRET pair can also show differences in 

photobleaching rates which can influence data analysis (Piston and Kremers, 2007). Additionally, 

different types of light are absorbed and scattered differently in tissue. This can influence the results 

of the observed emission ratios as a function of tissue depth (Boffi et al., 2018; Nasu et al., 2021). These 

problems are not present in single FP biosensors. Nasu et al., describe them as more user friendly but 

more difficult to engineer and less appropriate for quantitative imaging, however this does not affect 

neuroscientific sensing aspects much because of the all-or-none nature of neuronal signaling, which 

reduces the need for quantitative measurements. Furthermore, with high-throughput screening 

methods like microfluidics coupled to rapid fluorescence sorting systems being more easily accessible 

and computational prediction tools getting more powerful each year (Liu and Kuhlman, 2006; Leman 

et al., 2020; Jumper et al., 2021) the difficulties for engineering become less and less prominent. In 

recent years, sensors for neuronal compounds have been designed und successfully applied in 
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different experimental set-ups, thereby tracking some of the most important neurotransmitters e.g., 

Glu (Marvin et al., 2013), GABA (Marvin et al., 2019), serotonin (Unger et al., 2020), and dopamine 

(Patriarchi et al., 2018; Sun et al., 2018) among different species. In the case of dopamine, the sensor 

is based on a G-protein-coupled receptor (GPCR) sensing domain fused to cpGFP, whereas the others 

are based on PBP sensing domains. The GABA sensor iGABAsnFR can detect fluorescence increases in 

vivo in mice and zebrafish (Marvin et al., 2019), while Glu sensor iGlusnFR has been used for imaging 

in the mouse retina and in vivo Glu signaling in Caenorhabditis elegans (C. elegans) (Marvin et al., 

2013). Furthermore, iGlusnFR has been extensively engineered in terms of affinity, stability, and 

differently colored emission profiles (Marvin et al., 2018). In addition to neurotransmitters, MBP has 

already been turned into a maltose sensor in 2011 proving the functionality of a PBP-based biosensor 

design (Marvin et al., 2011).  

Taking the knowledge from all these studies it is conceivable to build a biosensor from PotF in a similar 

fashion as it has been done for other PBPs before. PotF offers a large variety of possible polyamine 

ligands that can provide interesting targets among multiple fields of research. PUT and CDV can occur 

in food as a product of fermentation or putrefaction of tissue (Silla Santos, 1996). As mentioned 

previously, polyamines are used as biomarkers for tumor progression in specific cancer types (Casero 

et al., 2018) and PotF could provide the perfect framework for engineering biosensors with desired 

properties to assist in clinical polyamine research. Finally, AGM a lesser known and more unexplored 

neuromodulator, makes an interesting biosensor target to solve unanswered questions regarding its 

neurological mechanisms. The PBPs motion upon closure could be transmitted to cpGFP, thus, altering 

the surroundings of the chromophore and resulting in a signal change (Figure 6) when binding the 

desired molecule (Lorimier et al., 2002; Nasu et al., 2021). This is possible because the permutation 

site in cpGFP is where the chromophore is closest to the ̡ -barrel shell (Nasu et al., 2021) and opening 

the structure at this position exposes it to a new environment. 

 

Figure 6: Depiction of a PBP-based cpGFP biosensor. Linking cpGFP to a conformationally responsive region of the PBP (e.g., 
PotF) can yield a functional biosensor construct. Upon ligand binding and domain closure the conformational change would 
be transmitted to cpGFP, affecting the chromophore (white star), and ideally result in a gain in fluorescence. Schematic was 
drawn with Affinity Designer (Serif Europe Ltd. 1987). 
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The closing of the PBP can then alter proximity between linkers and nearby cpGFP sidechains possibly 

resulting in a change in water structuring in the opening, leading to a shift in the chromophore 

protonation equilibrium as observed in the MBP sensor (Marvin et al., 2011). In detail this refers to the 

protonation of the functional phenol group of Tyr66 which is in equilibrium with its deprotonated 

phenolate. Opening the GFP through permutation and inserting a receptor domain at this specific 

position exposes the phenol(ate) moiety of Tyr66 enabling the pKa to become more susceptible to its 

local surroundings (Nasu et al., 2021). In the case of GFP the phenol form absorbs shorter-wavelength 

light and is less fluorescent and the phenolate form absorbs longer-wavelength light and is typically 

the brighter fluorescent state which ideally presents the ligand bound state of the sensor (Figure 6). 
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6. Synopsis 

The objective of this doctoral thesis is to gain insights into ligand recognition and discrimination using 

the putrescine (PUT) periplasmic binding protein (PBP) PotF and its interaction with a range of small 

molecule ligands as a model system. Furthermore, the aim is to investigate how to switch binding 

capabilities towards unique ligands in this protein to understand the underlying mechanisms between 

promiscuity and specificity. This knowledge can be used to improve design and engineering procedures 

for new receptor proteins as well as explain how these properties of a protein might impact medical 

research in the future. Lastly, the knowledge was applied to PotF in the framework of a fluorescent 

biosensor to create a tool that can visualize the neuromodulator agmatine (AGM) in vivo. 

In manuscript one, we analysed the ligand promiscuity of PotF by isothermal titration calorimetry (ITC) 

for a subset of different biogenic amines and their respective amino acids. The wild type ligand PUT, 

AGM, cadaverine (CDV), spermidine (SPD) and spermine (SPM) showed substantial affinity to the 

protein in the nanomolar to micromolar range (Figure 7).  

 

Figure 7: Structure and affinity as measured by ITC for all tested ligands. Affinity decreases with increasing size of the 
molecules. One exception is AGM, which displays the second highest affinity of the dataset. Further analysis of crystal 
structures showed that the reason for this is the perfect mimic of the PUT binding mode by AGM. MarvinSketch was used for 
drawing chemical structures, Marvin 19.27.0, 2019 (ChemAxon) and schematic was created with Affinity Designer (Serif 
Europe Ltd. 1987). 

Generally, the affinity decreased with the size of the ligands from PUT to CDV, to SPD, to SPM; 

however, AGM showed the second highest affinity, ranking between PUT and CDV. This was surprising 

since AGM is longer than CDV and possesses a bulkier guanidine end group in comparison to all other 

ligands with only simple amines. To address this anomaly in our dataset we solved crystal structures 

of all PotF-ligand complexes to analyse differences in the binding modes of the ligands and identify 

important interaction residues. We observed that the primary amine binding sites in the pocket are 

crucial for ligand interactions. All molecules bind to the first, proximal primary amine binding site in 

the same fashion as PUT. Furthermore, the longer ligands CDV, SPD and SPM bend their methylene 
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backbone to fit their nitrogen atoms in the place of the secondary, distal primary amine binding site in 

the pocket, leading to somewhat strained conformations of the ligands. AGM on the other hand was 

able to perfectly place the intramolecular guanidino nitrogen in the distal amine pocket, with the rest 

of the guanidine group being additionally coordinated in the distal part of the pocket. This nearly 

perfect mimic of the PUT binding mode by AGM results in the second highest affinity of our data set. 

In ITC measurements we also observed a shift in thermodynamics from entropically unfavoured for 

PUT, CDV and AGM to entropically favoured for SPD and SPM. We suspect additional water release 

from the pocket upon binding SPD and SPM to be the reason for this shift. Since water molecules 

seemed to mediate an important role for ligand binding and thermodynamics, we solved two more 

crystal structures, an open and a closed apo form of PotF. The closed apo form revealed a tightly 

coordinated water network in the pocket, whose positions could be directly mapped to ligand 

molecules thereby acting as a blueprint for possible ligand placements. The open apo structure on the 

other hand illustrated the large motion between open and closed conformation of PBPs. Interestingly, 

when comparing all the structures we observed a semi-closed conformation for the PotF-SPM 

complex. Binding of the largest ligand, SPM, prevented complete closure of the protein by disrupting 

two salt bridges on either side of the binding pocket. To improve our understanding of the 

conformations PotF can adopt in the presence and absence of ligands we used the solved crystal 

structures as input for molecular dynamics (MD) simulations. The apo PotF simulations resulted in four 

main states which increase in order of their opening and exchanged at different rates towards the 

most populated ones (Figure 8).  

 

Figure 8: Schematic representation of the simulated behaviour of apo PotF in solution. As expected, the most populated 
state is state 3, which represents the open conformation. State 3 shows exchange to a transient more open state (4) with the 
equilibrium being favoured towards state 3. The exchange between state 3 and the slightly more closed and second most 
populated state 2 is more balanced. The lowest populated state 1 represents the fully closed conformation, which is normally 
reached by ligand binding. This state also seems unfavoured as it exchanges rapidly to state 2. Schematic was created with 
Affinity Designer (Serif Europe Ltd. 1987). 

The highest populated state resembles the open apo structure the most. The least populated states 

were a transient more open state (State 4) and the fully closed state (State 1), which resembles the 

crystal structures in the closed form. The second most populated state (State 2) comprised of 

conformations between open and closed. Projection of the bound ensembles after ligand addition to 
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the simulation showed that the PUT, AGM and CDV states reflect the conformation of the crystal 

structures, whereby SPD and SPM showed slightly more open states. To investigate these 

discrepancies between the structures and calculations we applied nuclear magnetic resonance (NMR) 

spectroscopy to analyse the behaviour of PotF in solution. We measured initial 1H-15N HSQC spectra 

for apo PotF, to use as a reference before the addition of all ligands to saturating concentrations, where 

we observed clear signal changes. Although peaks moved along the same trajectory, most did not shift 

to an extent which would mimic PUT binding. CDV and AGM addition were the most similar, again, but 

SPD addition led to less pronounced shifts while SPM was even closer to the apo spectrum. These 

observations support the simulations and suggest that PotF adopts slightly different closed states in 

solution, depending on the type of ligand bound. These nuanced differences could have been 

overridden by crystal forces that prefer one particular state in the solved x-ray structures, with only 

large changes being shown, as it is the case for the more open PotF-SPM bound structure. 

In the second manuscript we aimed to reveal determinants for polyamine preference for PUT and SPD 

in PotF. We followed up on a prior study by Scheib et al., where the different residues in the binding 

pocket of PotD, an SPD binding homolog of PotF, were grafted onto PotF. These seven mutations 

created PotF/D, a PotF variant that did not bind PUT anymore while conserving the moderate SPD 

affinity of the wild type. First, we looked at the different mutations and grouped them into proximal 

(Prox; T38S, E39D & D247S), distal (Dist; S87Y, A182D & L348Q) and aromatic box (Abox; F276W) 

residues of the pocket (Figure 9).  

 

Figure 9: Representation of the binding pocket of PotF in complex with PUT (A; PDB 6YE0) and PotF/D in complex with SPD 
(B; PDB 7OYZ). The secondary structure of PotF and PotF/D is displayed in blue and grey cartoon, respectively. The ligands 
PUT (green) and SPD (salmon) as well as targeted residues (A, black) and their respective exchanges (B, black) are shown as 
sticks. The description under both binding pockets shows the location of the proximal and distal region as well as the aromatic 
box. Protein structures were drawn with PyMOL (The PyMOL Molecular Graphics System, Version 2.0 Schrödinger, LLC.) and 
figure was created with Affinity Designer (Serif Europe Ltd. 1987). 

We analysed the influence of the three groups and observed a big change in polyamine preference by 

only mutating Abox. Prox mutations led to a non-binding variant for PUT and SPD, while the Dist cluster 

displayed a low affinity for SPD only. Furthermore, we combined Abox with Prox and Dist to create 

Abox_Prox and Abox_Dist. The disadvantageous effect of the Prox mutations also led to no PUT and 

SPD binding in Abox_Prox, while Abox_Dist showed a 5-fold improvement for selective SPD binding in 

comparison to PotF/D. We combined all single Dist mutations with Abox, to characterize the specific 



Synopsis 
   

17 

effects of the distal mutations. Abox_A182D showed the largest swap of polyamine preference for PUT 

(decrease 1200-fold) and SPD (increased 10-fold), while the L348Q carrying variant displays the same 

trend but less pronounced. Abox_S87Y was the only mutation displaying negative effects on both 

polyamine affinities when compared to the Abox mutation alone.  

Another feature observed in PotF/D was a partially open conformation in its crystal structure. We only 

observed this feature one other time, when analysing SPM binding in PotF in our previous study. SPM 

seemed to interfere with closure by disrupting important salt bridges (Asp39-Arg254 & Arg91-Glu184) 

flanking the binding pocket. Therefore, we closely analysed these salt bridges and their surroundings 

in PotF/D and tried to fix the closing mechanism. In the initial PotF/D Asp39 was exchanged to Glu, this 

still allowed for salt bridge formation, but we reverted this to the original Asp to introduce possible 

wild type-like closure. Furthermore, the distal mutation S87Y showed a flipped side chain outside the 

pocket and disrupted Arg91-Glu184. Consequently, we changed residues in the proximity to S87Y to allow 

it to flip back inside the pocket, in order to stay true to the initial design and enable PotD-like SPD 

coordination. We also reverted S87Y to allow salt bridge formation and introduced a Tyr in a nearby 

position to create a distal Tyr for SPD coordination. All constructs improved SPD affinity in PotF/D but 

to our surprise none showed a fully closed conformation in their respective crystal structures. So, we 

went back to the initial dataset we obtained from our combinatorial binding pocket analysis and the 

non-binding Prox constructs seemed to most interfere with binding and possibly closure. We already 

reverted D39E and deemed S38T as less of an influence since the general property of the residue was 

maintained. The most interesting exchange was D247S as we had identified this Asp as one of the first 

responders to ligand binding in PotF in our first manuscript. Therefore, it appears highly important for 

the binding mechanism and, hence, we reverted this residue in all our previously generated constructs 

and in PotF/D itself. The reversion alone already improved the SPD affinity comparable to the other 

constructs, but it did not lead to full closure. In our other variants, the change back to Asp combined 

with the re-establishment of the salt bridges led to the highest affinity SPD binders with residual PUT 

affinity in the medium to low micromolar range and to complete closure in the crystal structure. All in 

all, we were able to improve PotF/D and created a PotF construct that completely reverted its original 

polyamine preference for PUT (nanomolar to micromolar) and SPD (micromolar to nanomolar).  

Overall, these two studies enable a more detailed understanding of the binding mechanisms in PotF. 

The results show that polyamine preference is mainly encoded in the aromatic box and the distal 

region of the binding pocket. These residues influence binding specificities by thermodynamically 

favouring or disfavouring the stabilization of water molecules. We pinpoint the prerequisites for 

complete closure to salt bridges and the key carboxyl-harbouring proximal residue D247, as fixing each 

component by itself did not lead to complete closure in PotF/D. 
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The combined insights of in silico analysis paired with robust biochemical and structural data can 

further serve as an evaluation benchmark in software development for ligand docking and protein 

design that might ultimately lead to improved design pipelines. An understanding of thermodynamic 

driving forces, including both solvent and molecular determinants, as well as of elements outside the 

binding pocket like salt bridges is crucial. These are important vantage points for protein engineering. 

Furthermore, the adaptability of polyamine transport proteins like PotF is important for medical 

research when looking at pathogenic bacteria. SPD uptake is linked to the expression of type III 

secretion systems (T3SS, Zhou et al., 2007), which play an important role in pathogenesis of multi-drug 

resistant bacteria (Felise et al., 2008; Keyser et al., 2008). We analysed the conservation rate of 

important binding pocket residues in 250 homo- and orthologs of PotF and found a much lower 

conservation throughout the distal residues, which are important to mediate polyamine preference. 

This shows an evolutionary trend towards more flexibility, a broader ligand spectrum and a possible 

higher promiscuity of polyamine uptake systems, which might allow pathogens to bypass treatments 

that only target one uptake system in the future. 

In the draft for the third manuscript, we engineered PotF into a fluorescent biosensor for the 

neuromodulator AGM. Here, we used our knowledge of the binding mechanism from the two prior 

studies to change the binding preference of PotF towards AGM. We based our approach on the 

observation that AGM mimics the binding mode of PUT, which allowed for a high initial affinity, and 

exploited polyamine preference mediating properties of the distal residues in conjunction with the 

coordination of the unique AGM guanidino moiety in this region. To turn PotF into a fluorescent 

biosensor, we introduced a superfolder circular permuted GFP (sfcpGFP) into PotF, which facilitates 

quick screening of ligand specificity in plate reader assays upon engineering and the possibility to track 

AGM in a non-invasive manner in vivo in the future. For the initial construction, insertion sites were 

analysed and the linkers between PotF and sfcpGFP optimised for optimal fluorescence gain upon 

ligand binding. Additionally, the binding pocket was changed to lower the initial affinity for PUT, thus 

weakening carryover and prior saturation of the sensor binding pocket by endogenous ligands. The 

chosen mutations (S87Y & F276W) were known to lower affinity for PUT and SPD based on analysing 

PotF/D. In this initial construct, further mutations of the proximal and distal region were screened 

based on our prior PotF/D analysis. 

This screening led to an AGM specific sensor construct (AGMsen) that carries the mutations S87Y and 

A182D. We also constructed a control sensor by introducing D247K. The Lys at position 247 masks the 

primary amine binding side in PotF and stops ligands from binding. Purified AGMsen showed an affinity 

for AGM of 38 µM and a dynamic range (max. ɲF/F0) of 3.0 in fluorescence-based dose-response 

assays. Other biogenic amines like SPD, PUT and CDV displayed KD-values in the high micromolar to 

millimolar range which most probably will not interfere with specific AGM binding. The control sensor 
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showed insignificant residual interaction with AGM displaying a KD of 2.4 mM. ITC measurements for 

the PotF receptor modules of both constructs confirmed no binding in the control sensor and selective 

AGM binding (KD = 0.3 µM) for the final sensor. The difference between the determined KD-values by 

ITC of the PotF receptor module and fluorescence-based dose-response assays of AGMsen are most 

likely attributable to sfcpGFP adding strain to a movement sensitive region of PotF in the sensor 

construct. 

Furthermore, we introduced our sensors into the vectors pcDNA and pDisplay for intracellular 

expression and display on cells, respectively. The sensors showed robust expression in HEK cells for 

both systems and the expected membrane localization in the case of the displayed sensor. The 

measured affinities in HEK lysate matched the results of sensor purified from E. coli confirming no 

influence of eukaryotic specific factors e.g., glycosylation on sensor performance. The AGM affinity of 

HEK displayed AGMsen was lower (525 µM) compared to the lysate assay (35 µM). This is most 

probably attributable to elements like the transmembrane domain and secretion signal added by 

pDisplay, which might further influence the closing dynamics of the sensor. Still, we were able obtain 

a quantifiable signal and further tested our displayed sensor in primary rat hippocampal neuron 

culture. Neurons transduced with an adeno-associated virus (AAV) vector, which places the sensor 

gene under the control of a synapsin promotor, showed good expression and membrane localization 

after eight to ten days. We added AGM in different concentrations to neurons displaying AGMsen, 

which responded in the same regime (ca. 700 µM) as the HEK cells albeit with a low dynamic range. 

Nevertheless, these results confirmed functionality and will allow us set-up screening experiments 

which mimic neuronal performance, thereby enabling easier engineering of new sensor constructs in 

the future.  

Overall, we confirmed that the distal binding pocket residues of PotF are the main driving force for 

AGM specificity and used our knowledge of polyamine binding at the proximal side of the pocket to 

design a control sensor. The control sensor can be used to set-up reliable controls and allows for the 

assessment of robustness of future experiments, since fluctuations in fluorescence not triggered by 

ligand binding will be easily traceable. We are aware, that AGMsen has room for improvement 

especially with respect to affinity and dynamic range, to detect weaker signals. New linker 

optimizations are a possibility to harvest the true potential of the high affinity AGM specific PotF 

receptor module identified by ITC. Additionally, mutations outside the binding pocket that destabilize 

the open conformation and drive the sensor towards a ligand bound form are good examples for 

application driven engineering without touching the already highly specific pocket. Our screening set-

up is scalable and allows for rapid gene library screening in a high throughput fashion. Nevertheless, 

the current version of AGMsen shows robust expression and is functional in multiple experimental set-

ups, which we hope to expand by working together with possible users to utilize their feedback and 
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improve the sensor. Providing this tool is a first step to better understand the neuronal modes of action 

of AGM in the future. 

On a last note, all experimental features, and the functionality of the PotF-based sfcpGFP sensor are 

not AGM specific which allows us to alter the sensor towards other possible ligands by simply 

introducing point mutations in the binding pocket. 
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7. Own Contribution 

7.1 Manuscript 1: A comprehensive binding study illustrates ligand recognition in the 

periplasmic binding protein PotF 

For this manuscript I expressed and prepared the proteins and performed isothermal titration 

calorimetry (ITC) under the supervision of Sooruban Shanmugaratnam. I further set-up and screened 

crystallization conditions. Crystal preparation and data processing as well as structure building and 

deposition was done together with Sooruban Shanmugaratnam. The full in silico characterization by 

molecular dynamic simulations as well as the dihedral analysis was conducted by Noelia Ferruz. Kristian 

Schweimer measured and analysed all nuclear magnetic resonance spectra. All authors wrote their 

respective parts for the original draft. Finalization and submission of the manuscript was done by Birte 

Höcker. 

 

7.2 Manuscript 2: Fine-tuning spermidine binding modes in the putrescine binding protein 

PotF 

Ulrike Scheib and I performed mutagenesis to construct the different variants. Both of us expressed 

and purified different protein variants. Ulrike Scheib conducted initial ITC measurements on the 

combinatorial analysis of the binding pocket. I remeasured these in triplicates as well as performed 

and analysed all other ITCs. I conducted crystallization set-ups, while crystal preparation and data 

processing as well as structure building and deposition was done together with Sooruban 

Shanmugaratnam. Using these structures, we performed the dihedral analysis. I conducted the 

conservation analysis on binding pocket residues. Additionally, I wrote the initial draft and did the data 

curation as well as visualization together with Sooruban Shanmugaratnam. All authors finalized the 

manuscript and submission was done by Birte Höcker.  

 

7.3 Draft for manuscript 3: A fluorescent biosensor for the visualization of Agmatine 

Initial cloning and sensor construction was performed by André C. Stiel. I characterized the first and 

final sensor constructs. The set-up of the screening platform and mutagenesis for all tested variants 

was done by me. I expressed and purified all tested PotF receptor modules and analysed them via ITC. 

I set-up crystallization trials and performed crystal preparation with Sooruban Shanmugaratnam. I did 

the data processing as well as structure building for the sensor and control sensor structures. Final 

polishing of the structures and deposition was done together with Sooruban Shanmugaratnam. I 

cloned the sensor into the eukaryotic expression system and performed HEK cell experiments under 

supervision of Birthe Stüven in the laboratory of Dagmar Wachten. Birthe Stüven cloned the sensor 
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constructs into the adeno-associated virus (AAV) vector. AVV production as well as isolation and 

seeding of hippocampal neurons was performed in the group of Susanne Schoch. Transduction and 

experiments with neurons were conducted by Birthe Stüven. I wrote the initial draft, reviewing and 

editing was done by me, André C. Stiel, Dagmar Wachten and Birte Höcker. 
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8. Manuscript 1 
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