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3. Summary

Periplasmic binding proteins (PBPs) are a highly versatile superfamily of proteins that cover a diverse
spectrum of ligands in bacteria and archaea. They display a “Venus-flytrap” architecture which consists
of two B/a-lobes 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 E. coli’s 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-

Vi
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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.

Vil



Zusammenfassung

4. Zusammenfassung

Die periplasmatischen Bindeproteine (PBPs) sind eine vielfiltige Superfamilie von Proteinen, die ein
breites Spektrum an Liganden in Bakterien und Archaeen binden. Sie bestehen aus zwei B/a-Domanen,
die durch eine Scharnierregion verbunden sind. Diese Konstellation wird auch als "Venus-
Fliegenfallen"-Architektur bezeichnet, wobei sich die Ligandenbindungsstelle zwischen den
Grenzflachen der beiden Domanen befindet. In Losung liegen PBPs vorwiegend in einem offenen
Zustand vor und vollziehen bei Ligandenbindung eine groBe Konformationsdnderung (Schliefung).
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 ermdglichen. In der hier vorgelegten
Promotionsarbeit wurden apo PotF und sein Bindungsmechanismus fir 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 Affinitaten bindet. SPD und AGM sind hierbei von besonderem

Interesse fir 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 Veranderung der Polyaminpraferenz von PUT zu SPD
zeigte. Leider weist PotF/D keine nanomolare Affinitat fir SPD auf, sondern konserviert lediglich die
bereits vorhandene SPD-Affinitat 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 GroRe die vollstandige
SchlieBung zu stéren scheint. In dieser Arbeit wurde der Sequenzraum fir die sieben
Positionsunterschiede in Bezug auf die Polyaminpraferenz fir SPD und PUT in mehreren PotF-
Konstrukten kombinatorisch analysiert. Dariiber hinaus wurden spezifische Reste, die zuvor als wichtig
fir die SchlieBung identifiziert wurden, sowie ihre Umgebung durch Mutagenese gezielt verandert, um
eine vollstandige SchlieBung in PotF/D zu ermoglichen und so die Ligandenaffinitat zu verbessern.
Durch eine systematische Analyse der verschiedenen Varianten konnten die Auswirkungen auf die
PUT- und SPD-Polyaminpraferenz in PotF auf spezifische Reste in der Bindetasche zuriickgefiihrt
werden. Dariber hinaus war es moglich, die Affinitdat von PotF/D zu SPD zu verbessern und eine
Variante von PotF zu erzeugen, bei der die urspriingliche Polyaminpraferenz (nanomolar fir PUT und
mikromolar fiir SPD) umgekehrt ist. Dies sind interessante Aspekte fiir 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 Uber

Vil
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hochgradig anpassungsfahige PBPs wie PotF verfligen, konnten das PotFGHI-System nutzen, um SPD-

Aufnahme zu ermoglichen 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 unterstiitzen 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
zirkular 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
CcpGFP resultierten im AGM Sensor AGMsen und einem Kontrollsensor. Der Kontrollsensor kann in
Experimenten als Negativkontrolle fungieren und AGMsen ermdoglicht die nicht-invasive
Fluoreszenzverfolgung von AGM nach Ligandenbindung in und auf HEK-Zellen sowie auf
hippocampalen Neuronen der Ratte. Dies bestatigt die Funktionalitat des PotF-basierten Sensors, der
somit einen ersten Schritt zum besseren Verstandnis 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 | and class Il PBP-like
folds. Some famous representatives of class | 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 Il and is the maltose binding protein (MBP) which
is responsible for the uptake of maltodextrins in E. coli (Machtel et al., 2019). PBP class Il 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 Il is suggested to have evolved from class | by domain
dislocation while class | 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).



Introduction

domain
dislocation

_
—@, N Q

s
Flavodoxin-like

fold Precursor dimer PBP-like fold | PBP-like fold Il

Figure 1: Proposed evolutionary pathway for PBPs. The flavodoxin (FId)-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 B-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 B6. PBP-like fold Il evolved from fold | by domain swapping, which is best portrayed in the
rearrangement of the B-sheets. In fold Il the B-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
between two B/a lobes. In solution PBPs are primarily 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 (y-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 Il PBPs and the focus of this doctoral thesis is Escherichia coli’s (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 Potl. Together these proteins constitute the PUT
transporter, with PotH and Potl 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-stranded central B-sheet and six a-helices
(bottom lobe, N-terminus) or eight a-helices (top lobe, C-terminus). In the center of the molecule these
two lobes are linked by two antiparallel B-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 & |
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, B-sheets are
shown in gray, loops in red and a-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 Schrodinger, 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 Potl 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 N'-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 uM 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 Trp,7: 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 uM affinity for PUT. In addition, the reverse mutation of Pheys; 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
respective other’s role 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 (ApotD) 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 ApotD
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 Il 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 Bjork, 2003).



Introduction

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). Unfortunately, no AGM specific postsynaptic receptor or “agmatinergic” neuronal
system has been identified by now, labeling it a neuromodulator and co-transmitter instead of a
“classic” neurotransmitter. Still, AGM shows an influence on multiple molecular targets that include
neurotransmitter systems like nicotinic, imidazoline |; and I, az-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, AGM is hypothesized to be a “magical shotgun”, a non-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
dysfunction in Alzheimer’s disease (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
crystal structure of GFP shows that the 238 amino acid long polypeptide folds into a 26.9 kDa B-barrel
consisting of 11 strands that surround a central a-helix (Figure 5; Ormo et al., 1996) that includes the
fluorophore formed by spontaneous cyclization and oxidation of the sequence Sergs-Tyres-Glysz

(Figure 4).
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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 Glyg; to the carbonyl group of Sergs. This is followed by a dehydration and oxidation step to
form a conjugated m-system which is linked to the functional phenol group of Tyres. This extended m-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 Serss and Glysy
condensing into a five membered heterocycle by hemiaminal formation through nucleophilic attack of
the amid electron pair from Glys; to the carbonyl group of Serss. The hemiaminal undergoes
dehydration and an aminal is formed in the now monosaturated five-ring. Through oxidation at ¢4 and
cg of Tyres, the newly formed double bond of the five ring is linked to the conjugated m-system of the
functional phenol group. This extended m-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 Sergs 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 Phegs 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 (Thras) results in significantly red-shifted
excitation and emission maxima (Ormo 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
same B-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
created between residue positions 144 and 145 in the seventh B-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 Ca?* 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: 30SQ). 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, a-helices and B-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 Schrédinger, 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 Forster 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 6™-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-Sikimic¢ et al., 2021).

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 B-barrel shell (Nasu et al., 2021) and opening

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

binding event —
domain closure

cpGFP PBP cpGFP PBP
base fluorescence open enhanced fluorescence closed

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 Tyres 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 Tyrgs enabling the pK, 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).
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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
14
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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).
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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 *H->N 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).

A

proximal aromatic box distal proximal aromatic box distal

Figure 9: Representation of the binding pocket of PotF in complex with PUT (A; PDB 6YEO) and PotF/D in complex with SPD
(B; PDB 70YZ). 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 Schrédinger, 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
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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 (Aspss-Argass & Args;-Gluisa)
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 Aspss 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 Args:-Gluiss. 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 llI
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 uM and a dynamic range (max. AF/Fo) of 3.0 in fluorescence-based dose-response
assays. Other biogenic amines like SPD, PUT and CDV displayed Kp-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 Kp 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 (Kp = 0.3 uM) for the final sensor. The difference between the determined Kp-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 uM) compared to the lysate assay (35 uM). 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 uM) 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 | expressed and prepared the proteins and performed isothermal titration
calorimetry (ITC) under the supervision of Sooruban Shanmugaratnam. | 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

Hocker.

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

Ulrike Scheib and | 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. | remeasured these in triplicates as well as performed
and analysed all other ITCs. | 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. | conducted the
conservation analysis on binding pocket residues. Additionally, | 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 Hocker.

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. | characterized the first and
final sensor constructs. The set-up of the screening platform and mutagenesis for all tested variants
was done by me. | expressed and purified all tested PotF receptor modules and analysed them via ITC.
| set-up crystallization trials and performed crystal preparation with Sooruban Shanmugaratnam. | 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. |
cloned the sensor into the eukaryotic expression system and performed HEK cell experiments under

supervision of Birthe Stiiven in the laboratory of Dagmar Wachten. Birthe Stliven 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 Stiiven. | wrote the initial draft, reviewing and

editing was done by me, André C. Stiel, Dagmar Wachten and Birte Hocker.
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SUMMARY

Periplasmic binding proteins (PBPs) are ubiquitous receptors in gram-negative bacteria. They sense solutes
and play key roles in nutrient uptake. Escherichia coli’s putrescine receptor PotF has been reported to bind
putrescine and spermidine. We reveal that several similar biogenic polyamines are recognized by PotF. Using
isothermal titration calorimetry paired with X-ray crystallography of the different complexes, we unveil PotF’s
binding modes in detail. The binding site for PBPs is located between two lobes that undergo a large confor-
mational change upon ligand recognition. Hence, analyzing the influence of ligands on complex formation is
crucial. Therefore, we solved crystal structures of an open and closed apo state and used them as a basis for
molecular dynamics simulations. In addition, we accessed structural behavior in solution for all complexes by
"H-">N HSQC NMR spectroscopy. This combined analysis provides a robust framework for understanding

ligand binding for future developments in drug design and protein engineering.

INTRODUCTION

A myriad of protein-ligand interactions and their binding mecha-
nisms are indispensable to most processes in life (Dunn, 2006)
and are finely tuned for an organism’s needs. For this purpose,
receptor binding modes differ: some are specifically tailored to-
ward unique binding partners, while others are more flexible and
recognize a wide range of molecules. This promiscuity in ligand
binding is a recurring feature, where molecules structurally and
chemically associated with native ligands are usually bound
with similar or lower affinities (Schreiber and Keating, 2011). A
molecular understanding of the binding of different ligands pro-
vides insights into what determines and fine-tunes affinity and
specificity. In addition, such receptors are promising candidates
for changing specificity and thermodynamics in their promiscu-
ous binding pockets. This approach paves the way for future
rational protein engineering, ultimately leading to advanced ther-
apeutics and diagnostics (Huang et al., 2016; Tiwari et al., 2012;
Wilson, 2015).

In this work, we analyze the periplasmic binding protein (PBP)
PotF from E. coli, which belongs to the PBP class Il superfamily.
It forms two o/p lobes, which are structurally similar and con-
nected by a hinge region (Quiocho and Ledvina, 1996). The
ligand-binding site is located at the interface between the two
lobes adjacent to the hinge. Upon ligand recognition, PBPs
bind with a twisting and closing motion often compared to a

()]

Venus flytrap (Felder et al., 1999). One representative of this
ubiquitous protein family is the structurally and functionally
well-characterized maltose-binding protein from the maltose/
maltodextrin transport system of E. coli (Machtel et al., 2019).
Recent developments of biosensors for numerous solutes
derived from a range of PBPs demonstrate the fold’s versatility
and applicability in life sciences (De Lorimier et al., 2009; Marvin
etal., 2011,2013, 2018). Especially, the evolutionary relationship
to ionotropic glutamate receptor ligand-binding domains (Lee
et al., 2019) illustrates the relevance of and opportunities for
PBP-based tools in the neurosciences.

We previously showed that PotF has affinity toward its
endogenous ligand putrescine (PUT) and additionally to sper-
midine (SPD), which consists of a PUT moiety extended with
a propylamine (Scheib et al., 2014). To gain further knowledge
of the molecular determinants of PotF’s selectivity, we system-
atically characterized the binding event of several PUT analogs
in polyamine biosynthesis. In detail, we performed isothermal
titration calorimetry (ITC) experiments on PotF with a range of
ligands, thereby gathering valuable insights into the forces
that drive ligand binding (Keserl and Swinney, 2015). In addi-
tion, we solved high-resolution crystal structures for these
PotF ligand complexes as well as for apo-PotF in a closed
and open state, which provided details about the molecular
mechanisms of ligand recognition and specificity as well as
affinity.

Structure 29, 433-443, May 6, 2021 © 2020 Elsevier Ltd. 433
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Table 1. Thermodynamic signatures for binding of PotF to the five polyamines obtained by ITC measurements (n = 2)

Ligand Ko (uM) AH (kcal x mol™") ~TAS (kcal x mol™) AG (kcal x mol™) N

Putrescine 0.068 + 0.040 —23.02 £0.12 13.28 + 0.52 -9.74 + 0.40 0.90 + 0.02
Cadaverine 1.95+0.16 —14.19 +0.02 6.53 + 0.07 —7.66 + 0.05 0.93 +0.02
Spermidine 29.71 + 1.15 —3.65 + 0.06 —2.42 + 0.04 —6.07 + 0.02 0.92 + 0.00
Spermine 4269 +2.13 —3.43 +0.01 —2.43 +0.02 -5.86 + 0.03 0.97 +0.01
Agmatine 0.22 + 0.08 —13.05 + 0.21 4,09 + 0.42 —8.96 + 0.21 1.02 + 0.04

The holo complexes reveal striking similarities. The ligands’
amines are always coordinated in the same manner, sometimes
even at the cost of adopting strained conformations. To study
this unusual behavior, we performed molecular dynamics (MD)
simulations, which revealed different preferred conformations
in solution and showed how each ligand is recognized by PotF
to different extents. We further probed this behavior using nu-
clear magnetic resonance (NMR) experiments. In accordance
with the MD simulations, the degree of closing appears to corre-
late to affinity.

In summary, we show that PotF has extensive capabilities to
bind different polyamines beyond what has previously been re-
ported. We performed a highly comprehensive ligand-binding
study, analyzing in detail crystallographic binding modes, ther-
modynamic properties, intrinsic dynamics, binding pathways,
and equilibrium distributions of apo and holo systems. As
such, we believe our study provides a robust platform to under-
stand ligand recognition and lays the groundwork for future
ligand and protein design work.

RESULTS

PotF binds several polyamines
We systematically characterized the binding of PUT and several
of its analogs, such as SPD, cadaverine (CDV), spermine (SPM),
and agmatine (AGM). Binding affinities and thermodynamics for
all PotF-ligand interactions were analyzed using ITC (Table 1 and
Figure S§1). To prevent carryover of biogenic amines from expres-
sion in E. coli, the protein was unfolded and refolded during pu-
rification. Previous measurements showed that PotF binds PUT
and SPD in the low nanomolar and micromolar range, respec-
tively (Scheib et al., 2014). PotF has, as expected, a high affinity
toward its endogenous ligand PUT (68 nM) and to CDV (1.95 uM),
which is one methylene unit longer than PUT. Similar to prior
studies (Scheib et al., 2014) PotF shows a moderate affinity to-
ward SPD (29.71 uM), which is also the case for SPM
(42.69 uM). Interestingly, PotF shows the second highest affinity
for AGM (0.22 nM) in our test set, despite the molecule being
bulkier because of its guanidino group. In addition, correspond-
ing amino acids and other biogenic amines were tested, but did
not show measurable affinities by ITC (Table S3). Although PotF
binds many different biogenic amines, it seems that the carboxyl
group of corresponding amino acids obstructs binding.
Another interesting property is a change in thermodynamics
while binding different biogenic amines. For the wild-type ligand
PUT, the thermodynamic contributions are enthalpy driven, as
expected, whereas the thermodynamics shift together with
decreasing affinities toward entropy-supported binding modes
(Table 1).
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Structural details from crystallographic studies

To understand observations made using ITC and to gain struc-
tural insights we crystallized apo-PotF in open (PDB: 6YED)
and closed (PDB: 6YEB) conformations (Figures 1B and 2) as
well as in complex with all five ligands (Figure 3). These seven
structures present observable differences in their conforma-
tions, evidenced when projecting them onto a subspace defined
by opening and twisting angles between the two lobes (see
STAR Methods for definition of dihedral angles). Figure 1B sum-
marizes these projections for the complexes of this work along
with previously crystallized PotF structures for comparison, the
PotF:PUT complex (Vassylyev et al., 1998) and the variant
PotF_SPD (Scheib et al., 2014). For crystallographic details of
all structures see Tables 2 and S2.

The structures adopt various conformations in which their
twisting and opening angles almost linearly correlate. The most
closed conformations have sharper twisting and opening angles
and lie at the lower part of the diagram. These structures are the
PotF complexes with PUT (PDB: 6YEQ), SPD (PDB: 6YE8), AGM
(PDB: 6YES6), and CDV (PDB: 6YE?7). Interestingly, the apo-PotF
closed conformation perfectly superposes with these structures,
with angles of ~119° and ~33° (opening, twisting). Slightly more
open is the PotF:SPM (PDB: 6YEC) conformation, in a similar
range compared with previously crystallized PotF_SPD, defining
a set of intermediate conformations between closed and open.
The widest open conformation is the second apo-PotF structure,
with angles of around 156° and 69°.

In addition to these similarities and differences from a global
view of the structures, the binding pockets offer interesting in-
sights as well. The closed apo structure shows a highly coordi-
nated water network in the binding pocket (Figure 3A). Most wa-
ter molecules in such internal pockets form at least three
hydrogen bonds to be thermodynamically favorable (Schiebel
et al., 2018). Ten water molecules appear coordinated in the
pocket positions, all of them showing at least three hydrogen
bonds. All water molecules in the proximal (section of the binding
pocket formed by residues S38, D39, D247) and distal parts of
the pocket (section formed by residues E185 and D278) can
form four hydrogen bonds, while the waters in the aromatic
box (formed by residues W37, Y40, W244, F276, and Y314)
have three hydrogen bonds, with only one of them as a result
of interactions with the protein. A characterization of the solva-
tion pattern of the apo protein is crucial for understanding ligand
binding, as the differences in the water pattern of unligated and
ligated states gives an idea of which hydrogen bonds play an
important role in complex formation. Interestingly, a super-
position of all the complexes reveals that the water molecules
overlap with the coordinates of the polyamine’s nitrogens and
some carbons (Figure S2D).
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Figure 1. Complexes crystallized in this

@ PotF:PUT 1A99 @ closed apo-PotF @ PotF:SPD work and their general structural features
O Putrescine (PUT) © PotF_SPD:SPD 4)OF @ PotF:PUT @ PotF:SPM (A) ngwle.w of chemical entities bound by Pc‘ftF.
O open apo-PotF © PotF:CDV @ PotF:AGM (B) Projection of the seven structures determined
Hz“\/\/\MH2 in this work along with two reference structures
,*'L :“r,r‘ > onto the opening and twisting angles. Closed apo-
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HzNWNHz r ("\ ig ¢ . ) 4y references. A detailed description of the angles is
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. Spermidine (SPD) ; ,.\ %4 q L~ tions were rendered using VMD (Humphrey
c “INAL e O— ) e et al., 1996).
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© Spermine (SPM) 40 ° ;;‘D\_ B (~93%) (Figure S2A). A related case has
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7 " B Vet ally similar compound n-butane (Woller
. r and Garbisch, 1972).
O Agmatine (AGM) 20 ) ) .
SPD presents a structure similar to that
HKN"WNYNH’ 100 120 140 160 180 of PUT, with the addition of a propyl-
NH, Opening (°) amine to its skeleton (Figure 3D). Its bind-

The crystal structure of PotF in complex with PUT has been re-
ported before (Vassylyev et al., 1998), and is the only available
structure of a PotF wild-type ligand complex to date. Our struc-
ture aligns to the previously reported with a root-mean-square
deviation (RMSD) of 0.35 A for 341 Ca atoms. Furthermore,
with 1.63 A (Table 2), this structure is determined at roughly
0.6 A higher resolution and shares the same space group with
all our other complexes as well as the closed apo structure;
hence, it allows better comparability throughout the dataset.

In complex with PotF, PUT is tightly coordinated at the prox-
imal site of the binding pocket by several interactions. The pro-
tonated amine at N1 interacts via hydrogen bonds with the S38
and D39 backbone carbonyls, the Y314 hydroxyl, and three wa-
ter molecules. ltis also involved in a salt bridge with D247. PotF’s
central aromatic box forms strong cation-7 interactions to N2 as
well as C-H-7 interactions to C4 of the ligand molecule, tightly
enclosing PUT’s aliphatic moiety. On the distal side of the
pocket, the N2 amine forms a salt bridge with D278 (Figure 3B).

The formation of the amine salt bridges seems to be the main
driving force for the binding of this series of compounds, as other
ligands seem to take a strained conformation upon complex for-
mation in order to coordinate its amines with D247 and D278.
This is most visible in the case of CDV, because it is the only
tested ligand that does not have a PUT-like element within its
structure (Figure 1A). CDV forms its salt bridges to the downside
by bending its methylene backbone and partially disrupting
stacking interactions to fit its nitrogens into a PUT-like position
inside the binding pocket (Figures 3C and S2A). Aside from these
differences in conformation in the alkyl chain, CDV and PUT
show remarkably similar binding modes, with water network
and side-chain conformations superposing perfectly. Therefore,
the additional strain put on CDV could account for a more than
one order of magnitude lower binding affinity to PotF than
PUT. This is expressed in the comparison of the dihedral angles
between PUT C2-C3-C4-N2 (~162°) and CDV C2-C3-C4-C5

ing mode resembles that of PUT and

CDV in the proximal side (Figure S2B),

with its most proximal amine interacting
with D247 and its secondary amine with D278. The extra pro-
pylamine extends in the distal side, displacing two of the
well-coordinated water molecules (Figure S2D). The displace-
ment of these thermodynamically favorable waters can explain
the loss in enthalpy of SPD’s binding profile. In addition, SPD
binding is entropically driven as well, which could be the result
of the more hydrophobic character of the interaction. SPM pre-
sents the largest molecule of the series, it is symmetric and is a
polycation at physiological pH (Figure 1A). The two secondary
amines are the ones that interact with D247 and D278, while
the terminal amines extend in the proximal and distal sites, dis-
placing the water networks in both cases. PotF:SPM'’s opening
and twisting angles significantly deviate from those of the other
complexes (Figure 1B). Due to the ligand’s extended conforma-
tion, the two lobes are not able to close entirely, and thereby
salt bridge formation between D39 and R254 at the proximal
and R91 and E184 at the distal side is affected as well. The ther-
modynamics of binding are highly similar to those of SPD
because SPM displaces the same water molecules at the distal
side of the binding pocket.

More similar to PUT and CDV, AGM also coordinates very
tightly in the PotF pocket. Despite AGM being slightly larger
than PUT, its alkyl group does not adopt an unfavorable confor-
mation to coordinate residues D247 and D278. In fact, the PUT
and AGM structures superpose from the proximal nitrogen to
guanidino NE, which, as PUT’s N2, coordinates to D278. This
is also reflected in almost the same dihedral angle (~160°)
compared with PUT (~162°) (Figure S2C). The rest of the guani-
dino group nicely coordinates the distal water molecules via
hydrogen bonds (Figure 3F).

In silico analysis using MD simulations

To gain a fundamental understanding of PotF’s distribution of
conformational states in the absence and presence of ligands,
we performed all-atom, explicit-solvent MD simulations totaling
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more than 595 ps of simulation time (Table S1). We ran six different
simulation batches. First, we simulated apo-PotF at low salt con-
centration, where the initial protein input coordinates were taken
from the open and closed apo-PotF X-ray structures (STAR
Methods). Then, we performed five subsequent simulation en-
sembles with apo-PotF in the presence of the different ligands.
In these cases, the input crystal structure was open apo-PotF
and the ligands were initially placed at a considerable distance
from the protein surface. All simulation batches were run in the
absence of external forces, allowing protein and ligands to freely
form a complex and stabilize different opening angles.

We analyzed these data by constructing Markov state models
(MSMs) of each ensemble of trajectories. MSMs have been pre-
viously used to calculate slow processes from ensemble MD
simulations and have proven very successful in ligand-binding
studies (Ferruz et al., 2015, 2018; Plattner and Noé, 2015).

Exploring PotF’s conformational space with MD

The simulation ensemble started from open and closed apo-
PotF structures (Figure 1A) as the input conformations. Being
interested in the dynamics of opening, we projected the trajec-
tories into a space defined by the protein backbone dihedral an-
gles and the global opening and closing angles for our analysis
(STAR Methods). The conformational space was discretized
into 1,000 clusters that we lumped into four states that contain
similar conformations (Prinz et al., 2011) (Figure 4). The choice
of the number of macrostates was based on inspecting the
implied timescales (Figure S3) as suggested in previous studies
(Bowman et al., 2009a; Prinz et al., 2011). These states describe
PotF’'s most populated states in solution in the absence of li-
gands or salts at high concentration.

State 1 is the lowest populated state (3.7% + 1.4%) and in-
cludes the structures with the narrowest average opening and
twisting angles (120.4° and 29.2°). Conformations in this state
are similar to those of most ligand complexes in this work (Fig-
ure 1A) and the closed apo-PotF structure (Figure 4A). State 1
converts to state 2, a slightly more open state (139.2°, 50.5°)
and the second most populated in solution (39.5% + 2.9%).

436 Structure 29, 433-443, May 6, 2021
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Figure 2. Comparison of PotF’s open and
closed conformations

Open conformation is shown as a light gray sur-
face. As a representative of the closed conforma-
tion, PotF in complex with PUT is shown as a green
cartoon with PUT in sticks. Alignment was done in
PyMOL over the Cu atoms of residues 31-132
corresponding to the bottom lobe (RMSD 0.585 A).

The conversion occurs very rapidly, in
51.0 + 3.3 ns. Reversion to state 1 occurs
three orders of magnitude slower, in
11.5+ 4.3 us, leading to state 1’s low pop-
ulation. State 2 converts rapidly to state 3
(in 188.7 + 22.4 ns), the most populated
state in solution (45.0% + 2.9%), which
in turn also reverts to state 2 on a similar
timescale (223.4 + 17.1 ns). State 3 pre-
sents a more open structure than the
two previous states, and the ensemble
structures are most similar to the open apo-PotF crystal struc-
ture (Figure 4A). State 4 is a transient state that converts very
quickly to state 3 (68.1 + 3.4 ns). The reverse process is two or-
ders of magnitude slower and leads to its low population
(11.8% = 1.5%). State 4 presents the most open structure,
with angles of 165.0° + 0.2° and 87.2° + 0.9°, respectively.

The slowest exchange process we identified in apo-PotF oc-
curs in 11.8 + 4.4 us and describes the transition from the
most open state (4) to the closest one (1). Previous work had
already characterized an unligated closed state in proteins of
the same fold. Specifically, Tang et al. showed that apo-MBP
shows a rapid exchange in the nanosecond to microsecond
timescale between a major open form (~95%) and a minor
closed species (~5%) (Tang et al., 2007). More recently, Silva
et al. found that the LAO protein is able to sample a closed state
that presents the same structure as a rate-limiting encounter
complex that forms with its ligand arginine before fully transition-
ing to the bound state (Silva et al., 2011).

Characterization of binding processes by MD

We ran simulation ensembles for the five ligands in this work
totaling 0.5 ms of aggregate time (Table S1). The five systems
present the same protein, ligand, and ion concentrations, thus
allowing direct comparison. Projection of the raw data into the
dihedral angles shows that the simulations explore slightly
different regions of PotF’s conformational space (Figure S4).
Such differences, however, do not provide information on the
most populated states in equilibrium. We thus constructed
MSMs on each of the systems, which allowed us to identify the
bound poses, intermediates, and binding pathways for each
ligand (STAR Methods).

In all our models we observe four major states (Figure S5).
The first state, bulk, corresponds to the ligand-free form in so-
lution. Encounter 1 and 2 states correspond to intermediate
states that the ligand populates prior to reaching the final
bound pose. Whereas encounter 1 is populated only in sec-
ondary pathways (i.e., the state is visited in less than 50% of
the pathway fluxes), encounter 2 is a necessary step in the
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Binding pockets of PotF in the closed apo form (A; PDB: 6YEB) and in complex with PUT (B; PDB: 6YEQ), CDV (C; PDB: 6YE6), SPD (D; PDB: 6YES8), SPM (E; PDB:
BYEC), and AGM (F; PDB: 6YES). Ligand molecules and residues forming the binding pocket are shown as sticks. 2mFo-DFc maps exported as ccp4map files by
phenix.mtz2map for ligands and water molecules in the closed apo structure are shown as mesh contoured at 1 o using PyMOL. Water molecules are depicted as

blue spheres and polar contacts as light gray dashed lines.

conversion from bulk to bound. Encounter 1 corresponds to a
state that is semi-open, with opening and twisting angles
ranging from 147° (SPD) to 157° (AGM) and 57° (SPD) to 70°
(CDV). Encounter 2 corresponds to a state that is semi-closed,
resembling state 2 in apo-PotF conformational space, with
opening and twisting angles ranging from 127° (SPD) to 137°
(PUT, AGM) and 37° (SPD) to 51° (PUT), respectively, and
where the ligand has identified the binding cavity but has not
yet adopted the most favorable conformation. In all cases,
these transitions from bulk to bound states are dominated by
very fast timescales, with on rates ranging from 1.56 x 10°
(PUT)to 1.21 x 10° M~ s~ " (SPM). Figure 5A shows a projec-
tion of the bound ensembles in comparison to the crystal
structures. The bound poses for all ligands are within a 2 A
RMSD to their respective experimental structures, taking into
account all protein o carbons and ligand heavy atoms for an
ensemble of 1,000 bound structures. In detail, the RMSDs
are 1.86 (PUT), 1.73 (CDV), 1.73 (SPD), 1.89 (SPM), and
1.50 A (AGM). The X-ray structures present closed conforma-
tions with exact values of 118°, 33° (opening, twisting) for PUT,
CDV, SPD, and AGM and 124°, 38° for SPM. The bound en-
sembles obtained from the MSMs are defined by a set of con-
formations that define the bound state, and therefore are pre-
sented by regions in space (Figure 5A). The regions sampled
by PUT, CDV, and AGM cover their respective crystal struc-
tures. In particular, the average positions of these regions lie
at values 119°, 27° (PUT); 119°, 28° (CDV); and 123°, 33°
(AGM). SPD and SPM bound ensembles deviate more from
the experimental structures. The SPD bound ensemble has
average angles of 126° and 35°, sampling the region explored
by the PotF:SPM and PotF_SPD:SPD X-ray structure. The
SPM bound ensemble also populates a more open conforma-
tion than the experimental counterpart, with average angles of
131° and 42°.

The final poses resemble those observed in the X-ray
structures (Figure 5B), with the amines being coordinated by

D39, D247, D278, and E185 as described previously. The 12
closest binding residues in the crystal structures and MD
bound ensembles are summarized in Table S4. Although the
local binding pocket poses of the simulations and the crystal
structures match, the global conformations of the protein
differ. All experimental structures, except PotF:SPM, display
the same twisting and opening angles, while the simulations
show different conformations. To further investigate this
observation, we applied NMR spectroscopy in order to gain
a better understanding of the in-solution behavior upon ligand
binding.

Solution NMR of PotF and its complexes

Thus, we measured 'H-"°N heteronuclear single quantum
coherence (HSQC) NMR spectra to gain further insights into
the most populated states in solution. Addition of ligands to
PotF causes chemical shift changes demonstrating binding of
the ligands to PotF. For all used ligands the same resonances
of PotF are affected, suggesting a similar binding mode (or
binding in the same binding pocket) of the ligands in line with
the previous results. A similar binding mode will generate
similar peak shifts upon ligand recognition, and in our case,
we assumed that completely closed states would show the
same changes of chemical shifts. Due to the large conforma-
tional change induced by ligand binding, resonance changes
are observable over the whole spectrum (Figure S6). Neverthe-
less, we see clear differences between the different saturated
ligated complexes. Not surprisingly, the biggest effect in terms
of chemical shift changes is detected after addition of PUT. The
other complexes show very similar spectra and changes, but
some peaks do not always shift to the same extent as is the
case with PUT (Figure 6). Interestingly, the extent of the chem-
ical shift changes correlates with the affinity measured with ITC.
The peaks for PotF:CDV and PotF:AGM move close to or even
overlap with the ones for PotF:PUT, whereas PotF:SPD and
PotF:SPM show remarkable differences. The peaks do not shift
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Table 2. Data collection and refinement statistics
Apo PotF open  Apo PotF closed  PotF:PUT PotF:CDV PotF:SPD PotF:SPM PotF:AGM
PDB ID B6YED B6YEB 6YEO B6YE7 6YE8 6YEC BYEB
Data collection
Space group P12,1 P3:21 P3:21 P321 P3;,21 P3:21 P3:21
Cell dimensions
a b, c(A) 76.2, 53.5, 711,714, 71.0, 71.0, 70.9, 70.9, 70.8,70.8, 70.4,70.4, 71.2,71.2,
88.1 272.4 272.6 271.2 272.1 273.5 2729
o, B,y () 90, 112, 90 90, 90, 120 90, 90, 120 90, 90, 120 90, 90, 120 90, 90, 120 90, 90, 120
Molecules per ASU 2 2 2 2 2 2 2
Resolution (;\) 45.90-2.18 45.68-1.97 45.64-1.63 45.50-1.60 40.71-1.50 45.58-2.09 45.73-1.56
(2.26-2.18) (2.04-1.97) (1.69-1.63) (1.66-1.60) (1.55-1.50) (2.17-2.09) (1.62-156)
Ao 0.157 (0.970) 0.124 (3.324) 0.122 (2.482)  0.091 (2.547) 0.071 (2.663) 0.108 (3.334)  0.065 (2.922)
/G )] 13.4 (4.7) 12.2(0.7) 10.1 (0.7) 14.9 (0.7) 17.8 (0.8) 14.6 (0.7) 18.6 (0.7)
C0 0.997 (0.871) 0.999 (0.230) 0.998 (0.274)  0.999 (0.231)  0.999 (0.264)  0.999 (0.229)  0.999 (0.272)
Completeness (%) 99.9 (99.9) 99.5 (99.9) 99.9 (99.8) 99.2 (94.3) 100.0 (100.0)  100.0 (100.0)  99.8 (99.9)
Redundancy 10.9 (9.7) 10.9 (11.3) 10.7 (9.9) 10.8 (9.0) 11.5(11.0) 11.0(11.4) 11.0 (11.1)
No. total reflections 735,129 629,899 1,077,788 1,131,843 1,471,775 525,454 1,262,884
(33,409) (64,561) (98,256) (88,835) (138,718) (63,487) (125,863)
Refinement
Rwork/Riree 0.228/0.273 0.191/0.219 0.173/0.201 0.168/0.194 0.162/0.182 0.211/0.239 0.171/0.186
(0.326/0.352) (0.323/0.305) (0.324/0.325) (0.328/0.378) (0.334/0.345) (0.344/0.362) (0.338/0.359)
No. atoms
Protein 5,381 5,373 5,411 5,377 56510 5,351 5,393
Ligand NA NA 12 14 20 28 18
Water 307 261 588 612 606 141 494
B factors (A9
Protein 43.04 54.94 36.88 35,57 32.36 65.11 37.21
Ligand 23.80 28.59 39.01 66.19 29.65
Water 40.12 57.42 4410 42.60 41.54 66.92 44.35
Root-mean-square deviations
Bond length (:\) 0.002 0.009 0.012 0.009 0.009 0.002 0.010
Bond angles (°) 0.50 0.94 0.93 0.94 1.09 0.50 1.00
as much or, in the latter case, the spectrum for PotF:SPM locks DISCUSSION

almost like the one for apo-PotF.

Translational diffusion measurements by NMR
spectroscopy

Ligand binding causes changes in the overall structure of PotF re-
sulting in a more compact closed structure. Translational diffusion
measurements were performed to detect changes in compact-
ness. The translational diffusion coefficient is inversely proportional
to the hydrodynamic radius of the protein. At 308 K for unbound
PotF a translational diffusion coefficient of 1.013 + 0.008 x 10 '°
m?/s was obtained. A saturating excess of PUT under otherwise
identical conditions increased the diffusion coefficient to 1.126 =
0.008 x 10 ' m?/s, demonstrating a reduced hydrodynamic
radius in line with a closed structure. In the case of SPM, a diffusion
coefficient of 1.08 + 0.01 x 101 m?/s was observed, which is be-
tween the values for unbound and PUT-bound PotF (Figure S7).
This supports a partially closed state of PotF in the presence of a
weakly binding ligand in line with our previous observations.
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PotF has two (=/B)-lobes connected by a hinge region that en-
closes the ligand-binding cavity. The protein undergoes large
conformational rearrangements upon ligand binding, from an
open to a closed state. It is assumed that the binding to PBPs oc-
curs via an induced fit mechanism, where closure of the lobes is
triggered upon ligand recognition. Our work provides detailed in-
sights into how the PBP PotF from E. coli binds different poly-
amines on the structural level, supported by thermodynamic
data as well as a detailed in silico analysis.

We could show with ITC experiments that PotF has the capa-
bility to bind even more polyamines than known so far. Apart
from the reported affinity toward PUT and SPD, it also can
bind related biogenic polyamines, namely CDV and SPM,
perhaps not surprisingly, as they differ mainly in the size of their
carbon chain. The measured affinities show a strong depen-
dency on the length of the molecule. Basically, we can state
that the longer the diamine, the weaker the affinity. When we
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expanded the test set to the corresponding amino acids, no
binding could be detected. Arguably, the carboxyl-group likely
clashes with residues in the binding pocket or disrupts important
interactions and thus prevents proper binding. Another scenario
might be a missing interaction partner for the carboxyl group to
accommodate displaced solvent molecules. Further exploration
of ligands led us to AGM, a naturally occurring derivative of argi-
nine, which acts as neurotransmitter and plays a role in many
other metabolic and regulatory processes (Pileiz et al., 2013;
Raasch et al., 2001; Satriano, 2004). Surprisingly, ITC measure-
ments with AGM showed an affinity in the regime between PUT
and CDV, which raised the question of how PotF can accommo-
date AGM with its bulky guanidino group. To answer this, we
applied crystallography and solved the structure of PotF in com-
plex with AGM. A closer look into the binding pocket reveals that
in addition to the coordinating residues for the PUT part, residues
S85, D278, and E185 coordinate the guanidino moiety at the
proximal side, explaining the initially unexpected high affinity.
Structure determination of PotF gave insights into the binding
mode of AGM, so we crystallized PotF also in complex with the
whole set of ligands to gain more detailed information about the
molecular and structural determinants of binding. In addition to
all ligand complex combinations we obtained apo structures in

¢ CellPress

Figure 4. Populations, dynamics, and struc-
tural properties of apo-PotF states in solu-
tion

(A) Projection of the four states onto their opening
and twisting angles. Each state is composed of an
ensemble of structures that convert on a rapid
timescale. Conversion kinetics between states are
shown in microseconds. Open and closed PotF
crystal structures are also shown for comparison.
(B) Representative structures superimposed by
using all protein #-carbons, population of confor-
mations for each state, and mean opening and
twisting angles for each ensemble in (A). Protein
representations were rendered using VMD (Hum-
phrey et al., 1996).

© X-ray PotF (o)
@ X-ray PotF (c)
o State 1

State 2

State 3

State 4

the closed and open unligated conforma-
tion. A structural superposition aligning
on just one lobe provides the best overall
view (Figure 2). The complexes with PUT,
CDV, AGM, and SPD are strikingly similar.
Beyond that, CDV and SPD adopt
strained conformations in order to anchor
the nitrogens to proximal and distal gluta-
mates, exactly superposing with PUT
(Figure 3). Even water molecules in the
binding pocket seem to be highly
conserved and serve as placeholders for
bigger ligand molecules.

This fits well with our ITC data as we
observe binding modes shifted to an
entropically supported binding the larger
the ligands get. The more water mole-
cules are displaced in the binding pocket,
the higher the solvation entropy will be, and this is reflected in the
thermodynamics of the binding processes.

Nevertheless, the structure with SPM —the longest ligand in
our test set—shows some interesting differences. Like the
other ligands, SPM also adopts the nitrogen positions of PUT,
but due to its size, it disrupts two salt bridges at both ends of
the binding pocket. These missing interactions lead to a slight
opening of the two lobes and might be the reason for the lowest
affinity in our test set. It seems that these salt bridges act as two
clamps stabilizing the closed state and, by doing so, enhance
affinity.

By running high-throughput MD simulations the equilibrium
distribution of apo-PotF in solution and the binding processes
of the five ligands could be characterized. Apo-PotF in solution
mostly populates two open states, resembling the most prob-
able state in equilibrium distribution and the conformation
observed in the open apo-PotF X-ray structure. The closed
apo-PotF conformation is minimally sampled (3%), but definitely
accessible under standard conditions in the microsecond time-
scale. Characterization of the binding events via MSMs led to
five bound poses within 2 A of the X-ray structures. Projection
of the bound ensembles onto the dihedral subspace revealed
that PUT-, CDV-, and AGM-bound poses cover the conformation

118+15%
(165°, 87°)
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Figure 5. Binding poses for the five different ligands

(A) Projection onto the dihedral space for the five bound pose ensembles. Depicted for each pose are their average angles and their RMSD to the respective X-ray
structure. Shown in the background are data points sampled by the PotF:PUT system in the simulations.
(B—F) Close-ups of the binding poses of PUT (B), CDV (C), SPD (D), SPM (E) and AGM (F) relative to the X-ray structures. Protein representations were rendered

using VMD (Humphrey et al., 1996).

observed in the X-ray structures, but SPD and SPM populate a
region with slightly larger opening and twisting angles than their
experimental counterparts.

The discrepancy between the calculated models from the
MD simulations and the crystal structures guestions our hy-
pothesis of complete closure upon ligand binding, regardless
of the bulkiness of the ligand molecule. Consequently, we
measured 'H-""N HSQGC NMR spectra to test PotF’s behavior
in solution. Initial spectra of the apo protein provide the open
conformation state before addition of any ligand. After supply-
ing ligand in saturating concentrations, we could clearly
observe various signal changes, and some of these showed
a nuanced response to the different ligands. While moving
along the same trajectory, peaks did not shift to the same
extent as in the spectrum with PUT. Further NMR experiments
will be necessary to analyze this behavior in solution. Howev-
er, these findings support the MD simulations and suggest
that PotF can indeed adopt slightly different closed states
upon binding different ligands. Although X-ray crystallography
provided nicely comparable complex structures, subtle differ-
ences in the global conformation as observed in MD and NMR
might be overridden by crystal forces that select just one
state. This highlights even more the necessity of integrated
approaches to understand binding in the highly flexible PBP
scaffold.

All our results taken together, we reveal not only that PotF
binds more ligands than reported until now. We also show
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how PotF binds its ligands in a set of crystal structures together
with thermodynamic data. Furthermore, we used NMR mea-
surements to support theoretical data from MD simulations
indicating that PotF can adopt different closed states in
solution.

Ligand promiscuity has also been analyzed in other PBPs,
such as HisJ and LAC-BP. HisJ is associated with high-affin-
ity histidine binding and translocation, but also binds a range
of naturally occurring related compounds as determined in
ITC and NMR titrations (Paul et al., 2017). The protein’s ability
to access the closed conformation also in the apo form has
been explored by MD simulations (Chu et al., 2014), but
structures as we provide for PotF have not been otherwise
determined so far. LAO-BP, on the other hand, is named
for its ability to bind lysine, arginine, and ornithine and has
been shown to also bind histidine with lower affinity. To study
the binding mechanism MD studies were performed on LAO-
BP showing the sampling of a closed state that resembles the
rate-limiting encounter complex (Silva et al., 2011). In a
recent study, then, an assessment of energetics regarding
arginine and histidine binding using ITC was combined with
structural analysis of protein-ligand complexes and revealed
that affinity and selectivity in LAO-BP are shaped through the
interplay of protein-ligand and solvent interactions (Vergara
et al., 2020). In these aspects, there are commonalities in
the findings of the LAO-BP study and our study. LAO-BP
has also been compared with glutamine binding protein,



Manuscript 1

Structure ¢ CelPress

Figure 6. Chemical shift changes from
H-'°N HSQC spectra
Selection of four peaks that exemplify shift differ-
121.50 O ences upon ligand binding. Peaks for apo-PotF are
in black, PotF:PUT in green, PotF:CDV in yellow,
’g PotF:AGM in blue, PotF:SPD in salmon, and
Q PotF:SPM in purple. Arrows show the direction
L122.00 of shift.
w
122.50
10.10 10.00 9.90 9.80 9.70
gm?.oo
&
=z
T 107.50
9.00 8.90 8.80 8.70 8.60
103.50
£ 104.00
o
=
L
104.50
8.20 8.10 8.00 7.90 7.80
121.50
g122
8 .00+
=
L]
122.50
123.00
6.70 6.60 6.50 6.40 6.30
'H (ppm)
which led to explorations of the evolution of binding speci- Overall, our study enables a more detailed understanding

ficity in these solute-binding proteins (Clifton and Jackson, of the binding mechanisms in PotF. These combined insights
2016) as well as attempts to design new specificities paired with robust biochemical and structural data are envi-
(Banda-Vazquez et al., 2018). Dynamics have not been sioned to further serve as an evaluation benchmark in soft-
considered in such approaches, but are expected to play ware development for ligand docking and protein design.
an important role and need to be considered. An understanding of thermodynamic driving forces, including
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both solvent and molecular determinants, is an important
vantage point for protein engineering that should ultimately
lead to improved design pipelines in the future.
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STARX*METHODS

KEY RESOURCES TABLE

Structure

Reagent or Resource Source Identifier
Bacterial and virus strains

E. coli BL21 (DE3) Invitrogen n/a

E. coli Top10 Novagen n/a

Chemicals, peptides, and recombinant proteins

Putrescine dihydrochloride Sigma-Aldrich CAS: 333-93-7
Cadaverine dihydrochloride Sigma-Aldrich CAS: 1476-39-7
Spermidine trihydrochloride Sigma-Aldrich CAS: 334-50-9
Spermine Sigma-Aldrich CAS: 71-44-3
Agmatine sulfate Alfa Aesar CAS: 2482-00-0
Bicine Alfa Aesar CAS: 150-25-4
Ammonium sulfate Sigma-Aldrich CAS: 7783-20-2
Jeffamine M600 Fluka Order No.: 09303
PEG 3350 Sigma-Aldrich CAS: 25322-68-3
Ammonium '°N chloride Sigma-Aldrich CAS: 3946-62-1
PotF This paper UniProt: P31133
Deposited data

PotF apo open This paper PDB: 6YED
PotF apo closed This paper PDB: 6YEB
PotF-Putrescine-complex Vassylyev et al., 1998 PDB: 1A99
PotF-Putrescine-complex This paper PDB: 6YEO
PotF-Cadaverine-complex This paper PDB: 6YE7
PotF-Spermidine-complex This paper PDB: 6YE8
PotF-Spermine-complex This paper PDB: 6YEC
PotF-Agmatine-complex This paper PDB: 6YE6
Recombinant DNA

PET21b(+) - PotF Scheib et al., 2014 n/a
Oligonucleotides

PotF_forward_primer Sigma-Aldrich n/a
TTTCATATGGCTGAACAAAAAA

CACTCCAC

PotF_reverse_primer Sigma-Aldrich n/a

AAACTCGAGTTTTCCGCTCTTCACTT
TGGT

Software and algorithms

NanoAnalyze 3.10.0
XDSAPP 2.0

XSCALE 20180126

Phenix package 1.13-2998
Coot 0.89

PyMOL 2.1.0

PDB_REDO 6.00
NMRViewd 9.2.0

ACEMD

VMD

TA Instruments

HZB, Helmholtz-Center Berlin
XDS package

Adams et al., 2010

Emsley et al., 2010
Schrédinger

Joosten et al., 2012

n/a

Harvey et al., 2009

Humphrey et al., 1996

https://www.tainstruments.com/
Sparta et al., 2016
http://xds.mpimf-heidelberg.mpg.de/
http://www.phenix-online.org/
https://www2.mrc-Imb.cam.ac.uk/
https://www.pymol.org/
https://pdb-redo.org/
https://nmrfx.org/nmrix/nmrview;

https://pubs.acs.org/doi/10.1021/
ct9000685

http://www.ks.uiuc.edu/Research/vmd/
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Birte
Hdcker (birte.hoecker@uni-bayreuth.de).

Materials availability
This study did not generate new unique reagents.

Data and code availability
The datasets generated during this study are available at the PDB under the accession codes 6YED (PotF apo open), 6YEB (PotF apo
closed), 6YEO (PotF:PUT), 6YE7 (PotF:CDV), 6YE8 (PotF:SPD), 6YEC (PotF:SPM), 6YE6 (PotF:AGM).

Complete simulation data and code for analysis are available upon request due to size limitations.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Bacterial strains
@ Escherichia Coli Top10: mcrA, A(mrr-hsdRMS-mcrBC), Phi80lacZ(del)M15, AlacX74, deoR, recA1, araD139, A(ara-leu)7697,
galU, galK, rpsL(SmR), endA1, nupG (Invitrogen)
® Escherichia Coli BL21(DE3): E. coli B decm ompT hsdS(rg'mg’) gal (Novagen)

The strains were grown in LB media at 37 °C in shaker flasks.
METHOD DETAILS

Cloning, expression & purification

The gene for PotF (UniProt ID P31133) missing the N-terminal signal peptide was amplified by PCR using genomic DNA of E. coli K-12
and primers, which introduced flanking restriction sites for Ndel and Xhol. All cloning work was performed in Top10 cells. After diges-
tion the DNA fragment was ligated into a pET21b(+)-vector, which added a C-terminal His6-tag. BL21 (DE3) cells were transformed
with the plasmid and plated out on LB agar plates containing 100 pg/ml ampicillin as selection marker.

For protein expression 2 L LB were inoculated with 20 mL of an overnight culture containing 100 pg/ml ampicillin and incubated at
37 °C until ODgqq reached a value of ~0.7. Overexpression was induced by adding isopropyl-B-thiogalactoside (IPTG) to a final con-
centration of 1 mM and further incubation for 4 h at 37 “C. Cells were harvested by centrifugation (Beckman Coulter, JLA 8.1000 4000
g, 20 min, 4°C) and pellets were washed with 30 mL buffer (50 mM Tris pH 8, 300 mM NaCl, 20 mM Imidazole).

Resuspended cells were lysed by sonication (Branson 6.3 mm tip, 2 x 3 min, 40% duty cycle, output power 4), followed by a centri-
fugation step (Beckman Coulter, JA25.50, 40.000 g, 60 min) to separate the soluble from the insoluble fraction and cell debris. The
supernatant was loaded onto an equilibrated (50 mM Tris pH 8, 300 mM NaCl, 20 mM Imidazole) HisTrap HP 5 mL column (GE Health-
care) using a peristaltic pump (Pump P-1, GE Healthcare). After washing for 10 column volumes with lysis buffer, unfolding of the
protein to wash off endogenous ligands, was achieved by washing and incubating for an hour with 6 M Guanidinium Hydrochloride
(GdHCI) and subsequently washing with 10 CV of lysis buffer for refolding. The protein was eluted by a stepwise increase of the Imid-
azole concentration to 260 mM with an AKTA system. Fractions containing the protein were pooled and concentrated with a centrif-
ugal concentrator to a maximum volume of 13 mL and applied to an equilibrated (50 mM Tris pH 8, 300 mM NaCl) preparative size
exclusion column (HiLoad Superdex 75 26/60, GE Healthcare). Fractions with monomeric protein were pooled and concentrated for
ITC measurements or crystallization setups. Protein concentration was checked photometrically using the absorption at 280 nm.
Expression and purification were verified by SDS-PAGE.

For "*N-labelled samples expression was performed in M9 minimal media supplemented with "*N-Ammoniumchloride. Besides
that, expression and purification protocol was kept the same as for non-labelled protein. Final buffer for NMR measurements was
20 mM Tris pH 8.0, 150 mM NacCl.

Isothermal titration calorimetry (ITC)

Ligands were always freshly prepared in the exact same buffer as was used for the size exclusion run. Samples were degassed
and temperature equilibrated using a degassing station (TA Instruments). 300 pL protein sample of different concentrations depend-
ing on affinity, was transferred into the sample cell of a nanolTC (TA Instruments) and 50 pL of an 8-10-fold concentrated ligand
solution was loaded into the injection needle. Multiple injection measurements were carried out at 293 K, 300 rpm stirring rate
and 300 s spacings between each 2 uL injection. The heat quantity past injection was determined by integration of the measured
peaks. Every protein-ligand combination was measured in duplicates. Subtraction of heat of dilution measurements, peak integration
and one site binding fits were done with NanoAnalyze (TA Instruments). Reported errors are the errors between fits of the measured
duplicates.
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Crystallography

All crystallization experiments were set up as sitting drop vapour diffusion experiments in either 3-well Intelliplates (Art Robbins In-
struments) or MRC Maxi plates (Swissci) using a protein concentration of 40 mg/mL or 15 mg/mL and a 20-fold molar excess of
ligand. Protein-ligand mixtures were equilibrated at 293 K for several hours before crystallization setups.

First crystals were obtained after an initial sparse matrix screen using the commercially available JCSG CORE I-IV screens
(QIAGEN). These hits were further optimized by applying the Additive Screen (Hampton Research) and then using a grid screen to
improve promising conditions.

This resulted in conditions containing 2.4 M Ammonium sulfate, 0.1 M Bicine pH 8.8 and either 5% PEG 3550 or 7% Jeffamine M-
600 or 4.5% Jeffamine M-600 as additive, except for the open apo structure. Here we obtained crystals in 0.1 M Tris pH 7.3, 0.2 M
NaCl and 37.5% PEG 3000. Detailed information can be found in Table S2.

Crystals were mounted using CryoLoops and transferred into a cryogenic solution made of reservoir solution and either 50% Glyc-
erol or 1.7 M Malonate pH 8.8 (Table S2) and then cooled down in liquid nitrogen. Data collection at 100 K was done at the beamlines
BL 14.1 at the synchrotron BESSY |l, Helmholtz-Zentrum Berlin (Mueller et al., 2015) and at PXIIl at the Swiss Light Source, Villigen.
Diffraction data was processed using XDSAPP (Sparta et al., 2016) and decision of resolution cut-off was made according to CCy»
around 0.25, I/Sigma > 0.5, and completeness in the outer shell > 75%. For the open apo structure two datasets from crystals of the
same condition were merged using XSCALE to obtain better density maps at the expense of resolution. Molecular replacement with
both lobes independently and missing hinge region residues of PotF (PDB: 1A99 (Vassylyev et al., 1998)) as search model, to account
for different opening angles, was done using Phaser-MR (McCoy et al., 2007). Data quality was assessed utilizing phenix.xtriage. Re-
finements were done with Phenix.refine (Adams et al., 2010). Manual model building was performed in Coot (Emsley et al., 2010).
Final models were evaluated by PDB_REDO 6.00 (Joosten et al., 2012).

Molecular dynamics simulations

System building, equilibration, and production runs

Simulation systems apo-PotF, PotF:PUT, and PotF:SPD were built and run with the software HTMD (Doerr et al., 2016). In all cases
systems comprised solvated all-atom cubic boxes containing <67000 atoms. Simulation boxes consisted of a protein centered at the
origin of coordinates, and a ligand —when present- positioned at least 15 A away from the protein surface. Explicit solvent molecules
and neutralizing NaCl ions were added on each box. The apo-PotF batch consisted of two sub-batches, in one closed apo-PotF
served as the basis for the protein initial coordinates, while in the other open apo-PotF. All PotF:ligand complex systems started
from open apo-PotF as coordinates for the protein. The ligands were parameterized with the paramchem tool (Vanommeslaeghe
and MacKerell, 2012).

Ten replicas were built per simulation batch, which in the case of the PotF:ligand systems led therefore to ten different initial po-
sitions for the ligand around the protein. The final ligand concentration was 2.7 mM. All systems were minimized, equilibrated and run
using ACEMD (Harvey et al., 2009) and amberff14SB as forcefield (Maier et al., 2015). Standard simulation parameters were used as
described in previous work (Ferruz et al., 2015).

For the MD production, we ran an intelligent adaptive sampling scheme that performs the simulations in successive epochs by
analyzing them with Markov state models (MSMs) (Doerr and De Fabritiis, 2014). The metric used during the adaptive runs for the
MSMs analysis were the protein dihedrals (see below) for the apo-PotF batch and the ligand heavy atoms versus the protein alpha
carbons for the PotF:ligand batches.

Markov state modeling analysis

Markov state modeling proceeds from the discretization of the conformational space and the description of the dynamics of the
system of interest as a sequence of transitions between these discrete states. A properly discretized MSM shows converging
timescales with high probability of transition among kinetically similar states, and lower probability between kinetically sepa-
rated states. From this model, the pathways and kinetic rates between distinct conformations may be derived (Bowman
et al., 2009b)

For the apo system, we run 1149 75-ns long trajectories totaling 86.2 us of aggregated simulation time, from where 25.8 ps came
from the simulations starting in the closed conformation, and 60.4 us from the open one. The trajectories were projected onto the
protein dihedral angles that represent opening and twisting, defined by the following two four-atom sets: opening: Ce« of residues
27, 249, 109, and 193; and twisting: Ce. of residues 36, 249, 286, and 334 (simulation numbering, for other dihedral definitions see
Table S5). We projected the multidimensional data onto the slow order parameters using TICA (Pérez-Hernandez et al., 2013)
(time-lagged independent component analysis). After projecting the data into 2 TICA dimensions, 1000 clusters were computed us-
ing the mini batch k-means algorithm (Pedregosa et al., 2011). The clusters were lumped together into 4 macrostates by the PCCA
algorithm (Weber and Kube, 2005), using a lag time of 30 ns.

For PotF:ligand complexes the trajectories were projected onto a space defined by opening and twisting dihedral angles, contacts
between ligand nitrogen and protein alpha carbons, and a binary metric that identifies when the ligand is close to any protein residue
by at least 10 A. We projected the contact dimensions onto 2 TICA dimensions leading to 5 total dimensions. Dimensions were clus-
tered onto 1500 microstates and MSM was with 5, 7, 5, 4, and 5 macrostates was built, respectively. The binary contact metric was
used to define a bulk state. Lag times were 40, 40, 40, 30, and 30ns, respectively. The four macrostates visited in 90% of the pathway
fluxes were selected for Figure S5.
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Thermodynamics and kinetics were computed as follows. After TICA discretization, the master equation is then built as:
N
Pit) = Zj_1 [k Pi(t) — kiPi (8)] = KiiPy (),

where P|(t) is the probability of state i at time t, and k;; are the transition rates from jto i, and K = (Kj) is the rate matrix with elements Kj; =
kijfori # jand K = — > k;. The master equation dP/dt = K P has solution with initial condition P(0) given by P(t) = T(t) P(0), where the
j#i

transition probability matrix is defined as: Tj(t) = (exp[K1]); = p(i,tlj,0), i.e. the probability of being in state i at time t, given that the sys-
tem was in state j at time 0. In practical terms, pj(4t) is estimated from the simulation trajectories for a given lag time 4t using a
maximum likelihood estimator compatible with detailed balance. The eigenvector & with eigenvalue 1 of the matrix ,yopoy7ainj, COrre-
sponds therefore to the stationary, equilibrium probability, and thus the thermodynamics of the process. On the other hand, first-or-
der kinetics are derived from mean-first passage times (MFPT) (Buch et al., 2011): Where ko, measured in units of M~ Ts is
inversely dependent on the ligand concentration, in this case 0.0027 M. These analyses were performed with HTMD (Doerr
et al., 2016).

NMR spectroscopy

Purified "°N-labelled protein samples were concentrated to 200-400 uM final concentration. After addition of 10 % D,O for frequency
lock, samples were transferred into a 5 mm NMR tube. 'H-"*N-HSQC spectra were recorded at 293 K on a 700MHz Bruker Avance |l
HD spectrometer equipped with a cryogenically cooled probe. Stock solutions of the ligands were prepared in the same gel filtration
buffer the protein was purified. Ligands were added after an initial apo measurement in saturating concentration according to the
determined affinities by ITC.

Translational diffusion was measured on a 700 MHz Bruker Avance Il HD NMR spectrometer. Gradient strength was calibrated
using a doped water sample (2mM CuSO,, 1 % H,0 in D,0O) assuming a diffusion coefficient of 1.90 x 10" m?/s at a calibrated tem-
perature of 298 K using a 1D 1H pulse gradient stimulated echo with bipolar gradients (Wu et al., 1995). For protein measurements a
calibrated temperature of 308 K was used and the 3-9-19 watergate water suppression was applied in the diffusion experiment. The
samples consisted of 200 uM unlabeled PotF in 20 mM Tris, pH 7.5, 150 mM NaCl. In presence of ligands their concentration was
adjusted to achieve full saturation of the protein, i.e. 3-fold excess for PUT and 20-fold excess SPM. The integrated signal intensity of
the methyl group region (-0.5 - 1.25 ppm) was observed as a function of increased gradient strength, and analysed according to
S(Q) = S(0) * exp{-DQ} with Q = v?g?5%(A-5/3-7/2) (y = gyromatic ratio, g = gradient strength, & = gradient pulse length, A = diffusion
delay, T = gradient recovery delay (Stejskal and Tanner, 1965). For each sample three independent measurements were performed
and the corresponding intensities averaged before data fitting. NMR spectra were visualized using NMRViewd.

QUANTIFICATION AND STATISTICAL ANALYSIS
ITC experiments were analyzed using NanoAnalyze (TA Instruments). Binding curves were derived using the built-in one-site-binding
fit. Each system was measured twice and the fitted parameters and their standard deviation are given in Table 2.

Error estimation for MD equilibrium populations and kinetic conversions was done as follows:

We estimated errors for all properties using a bootstrapping technique. We performed 10 independent runs in which 20% of the
trajectories were randomly eliminated and a new MSM was built after re-clustering.

Structure 29, 433-443.e1-e4, May 6, 2021 e4
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FIGURES
Figure $1: ITC measurements, Related to Table 1

Figure S2: Overlay of ligand and water molecules in the binding site to illustrate
coordination, Related to Figure 3.

Figure S3: Implied timescales for the MSM of the apo simulations, Related to Figure 4.

Figure S4: Distribution of the simulation ensembles in the dihedral space, Related to STAR
Methods.

Figure S5: Summary of the simulation results for the five ligands of this work, Related to
Figure 5.

Figure S6: 1H-15N-HSQC spectra, Related to Figure 6.

Figure S7: Translational diffusion measurements by pulsed field gradient NMR, Related to
Figure 6.

TABLES

Table S1. Summary of the simulation batches analyzed in this work, Related to STAR
Methods.

Table S2: Crystallization conditions, cryo information and protein concentrations, Related
to Table 2 and STAR Methods.

Table S3: Tested ligands with ITC, Related to Table 1.

Table S4: Comparison of binding residues between X-ray and MD simulations, Realted to
Figure 3 and 5.

Table S5: Atom sets used for the definition of dihedral angles for each PDB in this work,

Table S6: Opening and twisting angles for the PDB structures and simulations of this
work, Related to Figure 1 and 4.
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FIGURES

Figure S1: ITC measurements, Related to Table 1 with corrected heat rate in upper
panels and calculated enthalpy (data points) with fit (solid line) in lower panel for PotF
with PUT (a), CDV (b), SPD (c), SPM (d) and AGM (e)
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Figure S2: Overlay of ligand and water molecules in the binding site to illustrate
coordination, Related to Figure 3. (a) PUT (green) and CDV (yellow) and arrows
indicating the bonds used for dihedral angle determination; (b) PUT (green) and SPD
(salmon); (c) PUT (green) and AGM (blue); and (d) PUT (green), CDV (yellow), SPD
(salmon), AGM (blue) and water (spheres). Red arrows indicate the bonds used for

dihedral angle determination.

E185 E185

D278 D278
Y40
w37
(c) 0247¥ v314w®@'
E185 ° = t 8

t’&“ﬁm ‘

Figure S3: Implied timescales for the MSM of the apo simulations, Related to

Figure 4. Lag time was chosen at 30 ns.
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Figure S4: Distribution of the simulation ensembles in the dihedral space, Related

to STAR Methods. All the ensembles contain the same amount of data (70 ps). The

plots show raw data and as such are no indicative of equilibrium states.
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Figure S5: Summary of the simulation results for the five ligands of this work,
Related to Figure 5. For each binding process (PUT (a), CDV (b), SPD (c), SPM (d),

and AGM (e)) we show the projection of the macrostates onto the dihedral subspace,

along with the mean opening and twisting angles for bound and encounter 1 and 2; the

RMSDs for each state; the conformations of the four states (bulk, encounter 1 and 2,

and bound) and the major 2 pathways of binding.
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Figure S6: 1H-15N-HSQC spectra, Related to Figure 6. apo PotF is shown in black in
all panels, PotF:PUT in green (a), PotF:CDV in yellow (b), PotF:AGM in blue (c),

PotF:SPD in salmon (d), and PotF:SPM in purple (e).
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Figure S7: Translational diffusion measurements by pulsed field gradient NMR,
Related to Figure 6. PotF in absence (black) and presence of PUT (green) or SPM
(purple). The normalized integrated signal intensity of the methyl region is shown as

function of Q = y2g28*(A-8/3-1/2) (y = gyromatic ratio, g = gradient strength, 8 = gradient

pulse length, A = diffusion delay, t = gradient recovery delay).
T | T | T I T
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Table $1. Summary of the simulation batches analyzed in this work, Related to STAR

Tables
Methods.
System Simulation time
(ps)
apo-PotF 85.7
PotF:PUT 86.9
PotF:CDV 108.4
PotF:SPD 153.3
PotF:SPM 729
PotF:AGM 88.5
Total 595.7

Table S2: Crystallization conditions, cryo information and protein concentrations,

Related to Table 2 and STAR Methods.

Protein | Conformationor | ¢ ition Additive Cryo
concentration Ligand
0.1 M Tris pH
u - 7.3, 0.2 M NacCl,
15 mg/mL open 37 5% PEG - -
3000
24M .
40 mg/mL “closed” (NH4).SQs4, 0.1M 5% PEG 25% Glycerol
S 3550
Bicine pH 8.8
24M 4.5% 50% 3.4 M
15 mg/mL Putrescine (NH4)2SO4, 0.1M | Jeffamine Malonate pH
Bicine pH 8.8 M600 pH 7 8.8
24M 7%
40 mg/mL Agmatine (NH4):SO4, 0.1M | Jeffamine 25% Glycerol
Bicine pH 8.8 M600 pH 7
24M 10% 50% 3.4 M
15 mg/mL Spermidine (NH4)2S04, 0.1M | Jeffamine Malonate pH
Bicine pH 8.9 M600 pH 7 8.8
24M 0
40 mg/mL Spermine (NH4)2S04, 0.1M 5% PEG 50% Glycerol
. 3550
Bicine pH 8.8
0,
‘ 24M 59, PEG 50% 3.4 M
40 mg/mL Cadaverine (NH4)2S04, 0.1M 3550 Malonate pH
Bicine pH 8.8 8.8
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Table S3: Tested ligands with ITC, Related to Table 1.

Molecule type

Binding capability

Ligand Abbreviation
Amino acid,
Lysine LYS carboxylated -
cadaverine
. Biogenic amine, .
Agmatine AGM neuromodulator High
Biogenic amine related
Spermidine SPD to putrescine, PotD Moderate
ligand
Biogenic amine, PotF*!-
Putrescine PUT g . Very high
ligand
Serotonin SERO Biogenic amine, -
neurotransmitter
Biogenic amine, ve
Cadaverine cbv logeni ne, very High
similar to putrescine
Non-proteinogenic
y-Aminobutyric acid GABA P . g -
amino acid
- Amino acid,
Arginine ARG carboxylated agmatine i
Amino acid,
Ornithine ORN carboxylated -
putrescine
Tyramine TYRA Biogenic amine -
Biogenic amine related
Spermine SPM to spermldme and Moderate
putrescine, longest

ligand tested
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Table S4: Comparison of binding residues between X-ray and MD simulations,

Realted to Figure 3 and 5. X-ray column shows the 12 closest residues to the ligand.

Bound MD ensemble shows the 12 residues that more often are within 8 A of any ligand

heavy atom.

X-Ray

Bound MD Ensemble

PUT

Trp37, Ser38, Asp39, Tyr40,
Asnb65, Ser85, Trp244, Asp247,
GIn250, Phe276, Asp278, Tyr314

Trp37, Ser38, Tyr40, Pro84, Ser85,
Ser226, Ser227, Trp244, Asp247,
Phe276, Phe277, Asp278

Ccbhv

Trp37, Ser38, Asp39, Tyr40,
Asnb65, Ser85, Trp244, Asp247,
GIn250, Phe276, Asp278, Tyr314

Trp37, Ser38, Tyrd0, Prod4, Ser85,
Trp135, Trp244, Gly245, Asp247,
Phe276, Phe277, Asp278

SPD

Trp37, Ser38, Tyr40, Asnb5, Ser85,

Glu185, Trp244, Asp247, Met274,
Phe276, Asp278, Tyr314

Trp37, Ser38, Asp39, Tyr40, Ser85,
Ala182, Glu185, Gly245, Asp247,
Phe276, Phe277, Asp278

SPM

Trp37, Ser38, Asp39, Asn65,
Ser85, Glu185, 1le230, Trp244,
Asp247, Phe276, Asp278, Tyr314

Trp37, Ser38, Asp39, Tyr40, Asp63,
Ser85, Ala182, Glu185, Asp247,
Phe276, Phe277, Asp278

AGM

Trp37, Ser38, Asp39, Tyr40,
Asnb65, Ser85, Glu185, Trp244,
Asp247, Phe276, Asp278, Tyr314

Trp37, Ser38, Asp39, Tyr40, Pro84,
Ser85, Trp244, Gly245, Asp247,
Phe276, Phe277, Asp278
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Table S5: Atom sets used for the definition of dihedral angles for each PDB in this
work, Related to STAR Methods and Figure 1. Numbers refer to alpha carbon atoms.

Numbering remains identical for PDBs where chain B is also present. Figure 1 shows

dihedrals for chain A.

PDB Opening Twisting
1A99 54 276 136 220 63 276 313 361
4JDF 54 276 136 220 63 276 313 361
1POT 51 255 132 205 60 255 292 339
6YED (PotF apo open) 54 276 136 220 63 276 313 361
6YEB (PotF apo closed) 54 276 136 220 63 276 313 361
B6YEO (PotF:PUT) 54 276 136 220 63 276 313 361
BYE7 (PotF:CDV) 54 276 136 220 63 276 313 361
6YE8 (PotF:SPD) 54 276 136 220 63 276 313 361
6YEC (PotF:SPM) 54 276 136 220 63 276 313 361
6YEG (PotF:AGM) 54 276 136 220 63 276 313 361
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Table S6: Opening and twisting angles for the PDB structures and simulations of

this work, Related to Figure 1 and 4. Chain A and B are considered. Atoms for the

computation of angles are listed in Table S5.

Opening/Twisting

Opening/Twisting

Opening/Twisting

PDB
Angles chain A Angles chain B Angles MSMs
6YED (PotF apo 157.2° 155.4°
see Fig. 3 and text
open) 69.9° 67.1°
6YEB (PotF apo 118.4° 119.8°
see Fig. 3 and text
closed) 33.3° 32.9°
117.7° 118.8° 118.6 £2.9
6YEO (PotF:PUT)
33.4° 32.7° 26.6+3.2
117.9° 119.5° 119.46 £ 2.7
6YE7 (PotF:CDV)
33.3° 32.8° 282129
117.8° 119.0° 126.46 £5.0
6YES (PotF:SPD)
33.1° 33.2° 3569+52
124.6° 126.6° 132.85+5.8
6YEC (PotF:SPM)
38.1° 38.7° 43.38+6.6
117.7° 118.9° 122.62 £ 4.3
6YEG (PotF:AGM)
33.9° 32.8° 33.07+46
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A profound understanding of the molecular interactions
between receptors and ligands is important throughout diverse
research, such as protein design, drug discovery, or neurosci-
ence. What determines specificity and how do proteins
discriminate against similar ligands? In this study, we analyzed
factors that determine binding in two homologs belonging to
the well-known superfamily of periplasmic binding proteins,
PotF and PotD. Building on a previously designed construct,
modes of polyamine binding were swapped. This change of
specificity was approached by analyzing local differences in the
binding pocket as well as overall conformational changes in the
protein. Throughout the study, protein variants were generated
and characterized structurally and thermodynamically, leading
to a specificity swap and improvement in affinity. This dataset
not only enriches our knowledge applicable to rational protein
design but also our results can further lay groundwork for
engineering of specific biosensors as well as help to explain the
adaptability of pathogenic bacteria.

Biomolecular recognition and discrimination are crucial for
many biological functions. Binding interactions ranging from
highly specific to promiscuous determine the regulation and
functioning of a multitude of parallel cellular processes (1, 2).
Periplasmic binding proteins (PBPs) are versatile bacterial
nonenzymatic receptors that sense a range of different solutes,
like carbohydrates, amino acids, vitamins, and ions (3). This
large ligand diversity is reflected in a high sequence diversity
within the superfamily, although the general structure of PBPs
is conserved (4). They consist of two B/a-lobes connected via a
hinge region with the ligand-binding site located at the
interface of the lobes. PBPs are predominantly open in solution
and close by undergoing a large conformational change upon
ligand recognition, which is often compared to a Venus flytrap
(5). These receptors work hand in hand with bacterial
prokaryotic-type ABC transporters, since they require addi-
tional solute-binding proteins to recruit substrates (6).

The binding-induced change of the overall structure of PBPs
might be the prerequisite for the adaptability and large
coverage of different ligands by PBPs. The two conformations
enable the positioning of ligands at the solvent-excluded and

* For correspondence: Birte Hocker, birte.hoecker@uni-bayreuth.de.
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low dielectric protein interior (closed) while still allowing
binding site residues to be placed at the evolving sites of
protein surfaces (open) (4).

To gain insight into the evolution and designability of ligand
binding and specificity, we analyzed the homologous PBPs,
PotF and PotD, which are Escherichia coli putrescine (PUT)-
binding protein and spermidine (SPD)-binding protein,
respectively. They constitute the first elements of two separate
multicomponent uptake systems (PotFGHI and PotABCD) to
transport the cationic polyamines PUT and SPD across the
cellular membrane (7, 8). PotF and PotD only share 35%
overall sequence identity, but their binding pockets as well as
their respective ligands encompass a high structural similarity.
Still, the protein-binding modes differ: PotF shows affinity for
PUT and SPD, whereas PotD exclusively binds SPD. Prior to
this work, we grafted the seven differences in amino acids from
PotD binding pocket onto PotF (9); this resulted in PotF_SPD,
which will be referred to as PotF/D throughout this work to
keep naming for mutants more concise. PotF/D solely binds
SPD, whereas PUT affinity is abolished. Nonetheless, this
variant did not show an affinity for SPD as high as PotD. A
structural intriguing feature of PotF/D (Protein Data Bank
[PDB]: 70YZ) is the semiclosed conformation of the ligated
crystal structure. We only observed PotF to adopt a similar
semiclosed conformation when binding the large polyamine
spermine (PDB: 6YEC). The size of this ligand disrupts two salt
bridges flanking the binding pocket (D39—Ry54 and Ro;—Eqg4),
which were deemed important for tight binding and ligand
affinity (10). Upon closer inspection of the seven mutations in
PotF/Ds crystal structure, two exchanges (D39E and S87Y)
were identified to influence the wildtype-like salt bridge for-
mation of PotFs between the lobes.

In our previous study on PotF (10), we deduced that binding
events in PBPs are not narrowed down to two fixed confor-
mations and a final ligand pose but are more dynamic and
must be analyzed considering the overall protein dynamic as
well. The observation that SPD affinity was solely maintained
and PotF/Ds crystal structure adopted a semiclosed state led us
to the approaches presented in this work. We conducted a
combinatorial test of the sequence space between PotF-
binding and PotF/D-binding pockets by dividing the pocket
into three parts (proximal, distal, and aromatic box) to
determine disadvantageous and beneficial residue changes. In
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addition, we approached the effects of more global changes on
affinity by a stepwise reintroduction and reestablishment of the
salt bridges. For both approaches, we utilized isothermal
titration calorimetry (ITC) and X-ray crystallography as
methods of analysis. Furthermore, we illustrate how a pro-
miscuous PBP can quickly adapt high specificity and discuss
the impact this phenomenon could have on pathogens like
multidrug-resistant gram-negative bacteria.

Results
Polyamine-binding pockets in PotF and PotD

Despite great similarities among their binding pockets, PotF
and PotD differ in their polyamine-binding profiles: PotF is
promiscuous for PUT (Kp ~ 68 nM) and SPD (Kp =~ 30 uM)
(10), whereas PotD binds exclusively SPD (Kp ~ 6 nM) (9). We
showed previously that this specificity can be swapped by
exchanging respective residues in the binding pocket of PotF
against their PotD counterparts (9). This resulted in PotF/D,
which solely binds SPD (K ~ 37 pM; Table 1). The mentioned
PotF/D:SPD-K}, differs somewhat from our previously pub-
lished one because of a changed setup (different ITC device
and buffer conditions). Therefore, we remeasured all binding
constants to keep comparability extremely high during the
whole dataset of this study and to be able to interpret also
slight differences in affinity and thermodynamics. Nonetheless,
PotF/D does not reveal the specific interactions that direct the
ligand-binding profiles of PotF and PotD for the different
polyamines. To understand why this is the case, we analyzed
the contributions to specificity from first shell mutations in the
binding pocket using targeted mutagenesis and ITC. Com-
parison of the binding pockets of PotF and PotD suggests three
distinct groups based on their location and ligand interaction
(Table S1). Residues of the primary amine-binding site inter-
acting with N1 of PUT and SPD in PotF were assigned to the

Table 1

proximal group (S38, D39, and D247; residues and numbering
according to the PotF sequence without periplasmic signal
peptide). Aromatic residues, which anchor the methylene
backbone and N2 of the ligands via van der Waals, CH-m, and
cation—m interactions, are assigned to the central aromatic box
(W37, W244, and F276). Finally, residues forming direct in-
teractions with N2 of PUT and N3 of SPD in PotF as well as
equivalent residues forming interactions with N3 of SPD in
PotD are assigned to the distal group (585, S87, A182, E185,
D278, and L348; Fig. 1). Aromatic box residues are conserved
in both PBPs, the only difference is F276 in PotF that is
substituted by tryptophan (W255) in PotD. Similarly, both
proteins tightly coordinate the proximal primary amine of
their ligands. The main differences between both proteins are
found at the distal side. In PotD, polar residues (S83, Y85,
D168, E171, and Q327) form ionic and hydrophilic contacts to
the cationic N3 of SPD, whereas the distal binding pocket of
PotF is slightly more hydrophobic in its characteristics (S85,
S87, A182, E185, and L348) and shows a tightly coordinated
water network (10). Three variants were generated based on
the clustering of the active site: PotF_Prox (S38T, D39E, and
D247S), PotF_Dist (S87Y, A182D, and L348Q), and PotF_A-
box (F276W) (Fig. 1B).

Residue influence on polyamine specificity in PotF mutants

PUT and SPD binding profiles of the generated variants
were analyzed by ITC. The proximal and distal cluster muta-
genesis (PotF_Prox and PotF_Dist) abolishes association of
PUT, whereas only PotF_Dist maintained a very low SPD af-
finity (Table 1). The single mutation F276W in the aromatic
box increases SPD binding about threefold (Kp ~ 11 uM),
whereas PUT affinity decreases threefold (Kp =~ 0.21 pM)
compared with wildtype PotF. The single mutation F276W
does not result in exclusive SPD binding as it is observed for

PUT and SPD affinities as determined by ITC for PotF and PotD as well as all variants constructed for the combinatorial mutation analysis

between the sequences of PotF and PotF/D

Protein Ligand Kp (uM) n AG (kcal x mol™) AH (kcal x mol™) —-TAS (kcal x mol™)

PotF (10) PUT 0.07 £ 0.04 0.90 + 0.02 -9.74 + 040 -23.02 £ 0.12 13.28 + 0.52

SPD 29.71 + 1.15 0.92 + 0.00 -6.07 + 0.02 -3.65 + 0.06 -242 + 0.04
PotD (9) PUT N/D Z _ _ =

SPD 5.80 + 1.2 0.86 + 0.20 -11.13 £ 0.12 -16.40 + 1.4 524 + 1.39
PotF/D PUT N/D — — — —

SPD 3732 + 24 0.94 + 0.02 -5.94 + 0.04 -9.30 £ 0.20 3.36 + 0.24
PotF_Prox PUT N/D — — — —

SPD N/D — — — —
PotF_Abox PUT 0.21 + 0.04 0.90 + 0.03 -8.97 + 0.10 -22.25 + 0.77 13.28 + 0.75

SPD 11.05 + 0.88 0.96 + 0.06 —-6.65 + 0.04 -6.25 + 0.16 -040 + 0.21
PotF_Dist PUT N/D

SPD 88.19 + 33.10 0.91 + 0.02 -5.48 + 0.20 -1.83 + 0.08 -3.65 + 0.28
PotF_Abox_Prox PUT N/D — — — —

SPD N/D — — — —
PotE_Abox_Dist PUT N/D — — _ —

SPD 7.77 + 0.32 0.94 + 0.00 -6.85 + 0.02 -5.28 + 0.07 -1.57 + 0.09
PotF_Abox-S87Y PUT 14.92 + 0.54 0.92 + 0.03 -6.47 + 0.02 -9.97 £ 0.20 3.50 £ 0.18

SPD 19.95 + 0.70 0.97 £ 0.02 -6.30 £ 0.02 -5.66 + 0.12 -0.65 + 0.12
PotF_Abox-A182D PUT 83.22 + 2.08 0.91 + 0.01 -5.45 + 0.02 -9.79 + 0.09 4.33 £ 0.08

SPD 3.13 + 0.62 0.91 + 0.02 -7.39 + 0.11 -4.37 £ 0.20 -3.02 + 0.15
PotF_Abox-L348Q PUT 2.66 + 0.08 0.94 + 0.03 -7.48 + 0.02 -14.22 + 0.75 6.74 £ 0.74

SPD 3.26 + 0.14 0.98 + 0.01 -7.83 + 0.68 -7.72 + 0.03 -0.11 + 0.69

If the K, values are not cited, all are measured in biological triplicates. The error is the standard deviation between the three measurements.

Abbreviation: N/D, not determinable.
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Figure 1. PotF binding pocket and mutational steps towards PotF/D. A, binding pocket of PotF in complex with PUT (gray sticks). Proximal side chains
are shown as blue sticks, aromatic box residues as orange sticks, and distal side chains as pink sticks. Salt bridges flanking the binding pocket are depicted as
yellow sticks. Protein backbone is shown as white cartoon with black outline. B, schematic flowchart of the combinatorial sequence space analysis between
PotF and PotF/D. In the first round, residues were grouped into proximal (PotF_Prox), aromatic box (PotF_Abox), and distal (PotF_Dist). Coloring of variants
and residues was kept in relation with the figure. Binding pocket for PotF is illustrated from PotF in complex with PUT (Protein Data Bank ID: 6YE0), binding
pocket of PotF/D and single groups is shown using PotF/D in complex with SPD (PDB ID: 70YZ). Following the single-group analysis, proximal and distal
residues were combined with the aromatic box substitution (PotF_Abox_Prox and PotF_Abox_Dist). Since the distal region seems to exert influence on
ligand specificity, single mutants from the distal group in combination with the aromatic box were created and analyzed as well (PotF_Abox_S87Y,
PotF_Abox_A182D, and PotF_Abox_L348Q). Protein structures were visualized using PyMOL (The PyMOL Molecular Graphics System; version 2.3; Schro-

dinger, LLC). PUT, putrescine; SPD, spermidine.

PotF/D (Table 1). The affinity-modulating effect of an equiv-
alent position was also observed for the respective homologs of
PotD and PotF, SpuD (PotF, sequence identity: 57.8%) and
SpuE (PotD, sequence identity: 34%), in Pseudomonas aero-
guinosa (11).

Because of the key role of F276W in affinity modulation,
F276W was combined with the proximal and distal mutations
(Fig. 1B), respectively. The PotF_Abox_Prox variant (S38T,
D39E, D247S, and F276W) showed no binding of PUT similar
to PotF_Prox but restored a very low SPD affinity (Table 1).
This illustrates the power of F276W in relation to SPD binding
and the importance of the proximal residues that form in-
teractions with the N1 primary amines of the respective li-
gands for polyamine binding in general. This is in accordance
with previous mutational studies (12, 13) as well as molecular
dynamic simulations, where the proximal side was the first
responding region upon ligand encounter (10). The combi-
nation of the distal substitutions (S87Y, A182D, and L348Q)
with F276W in the aromatic box not only maintains SPD
binding but also improves it almost twofold (Kp(SPD) =
7.8 uM) compared with PotF_Abox and roughly fourfold to

~ASBMB

fivefold compared with PotF and PotF/D, respectively. In
addition, PUT affinity was not detectable. This proves that the
distal residues in combination with F267W are the main
switches to alter the specificity of PotF toward SPD. This is in
line with the study of Machius et al. (14), who analyzed a PotD
homolog from Treponema pallidum (TpPotD) and declared
the architecture of the distal part of the binding pocket as one
principle to explain polyamine specificity and in particular
SPD preference. Conversely, the authors link PUT preference
to a tighter anchoring of N1. However, this second principle
seems questionable since SPD is also bound by wildtype PotF,
and the exchanges of the proximal residues abolished the af-
finity for both polyamines.

We combined each single distal mutation (S87Y, A182D, or
L348Q) with F276W (Abox, Fig. 1B) to evaluate the specific
contributions of these residues further. All three variants
show polyamine promiscuity, albeit with different apparent
affinities (Table 1). The most prominent swap of the original
preference for PUT over SPD and the highest affinity for SPD
along this mutational approach is achieved through the
combination of A182D with F276W. It exhibits a roughly

J. Biol. Chem. (2021) 297(6) 101419 3
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tenfold increase in affinity for SPD (Kp(SPD) ~ 3.1 uM) with a
concomitant decrease of PUT affinity by around 1200-fold
(Kp(PUT) ~ 83 puM) compared with wildtype PotF. The
variant based on L348Q shows the same tendency but less
pronounced (Kp(SPD) ~ 2.6 uM, Kp(PUT) = 3.3 uM), whereas
S87Y has a negative effect on both polyamines compared with
the single mutation F276W. In summary, we can achieve high
SPD affinity by only switching two amino acids in the binding
pocket of PotF, of which F276W is important to maintain
affinity in general and A182D or L348Q to improve affinity.
For SPD specificity, the combinatorial synergy of multiple
discriminatory mutations is important.

In addition to determining the apparent binding constants,
ITC unravels the underlying thermodynamic contributions.
We previously described highly conserved and coordinated
water molecules in the PotF-binding pocket that are thermo-
dynamically favorable (10, 15). They serve as placeholders for
ligand molecules and can be displaced upon binding. Two
water molecules are removed when accommodating the pro-
pylamine extension of SPD compared with PUT, which results
in higher solvation entropy during the binding process
(Fig. S1). In addition, hydrophobicity of the binding pocket
increases, if more water molecules (solvent) are released,
which is also linked to more entropically driven interactions
(16). This is in line with all tested PotF-binding pocket mu-
tants in which the thermodynamic properties for SPD remain
enthalpically and entropically favored, albeit to varying de-
grees. For example, the gain of PotF_Abox in enthalpic shares
(AAH = -2.65 kcal/mol) for binding SPD is accompanied by a
large loss in the favorable entropic contribution
(A(-TAS) = +2.02 kcal/mol) compared with the wildtype
(Table 1), which could be explained through tighter stacking
interactions of tryptophan with the longer ligand SPD. In
contrast, PUT binding is exclusively driven by an enthalpic
term that compensates for unfavorable entropies. In PotF_A-
box, PUT binding solely shows a loss of enthalpy contributions
(AAH = +0.77 kcal/mol) compared with the wildtype, whereas
the unfavorable entropy term stays remarkably similar
(A(-TAS) = +0 kcal/mol; Table 1). Other interesting variants
from a thermodynamic point of view are PotF_Abox_L348Q
and PotF_Abox_S87Y. These constructs roughly display the
same affinity for both polyamines and consequently a similar
Gibbs free energy but show completely different thermody-
namic profiles. This appears to be a textbook example for
entropy—enthalpy compensation (17). The changes in enthalpy
and entropy upon polyamine binding in PotF_Abox_L348Q or
S87Y are too big compared with the neglectable change in
Gibbs energy to be due to only conformational changes, which
is the conventional explanation for entropy—enthalpy
compensation. Hence, they must partially result from varia-
tions in the amounts of water immobilized or released upon
complex formation (18). This underlines the importance of
water molecules in the binding pocket of PotF and their role in
polyamine recognition and specificity.

Taken together, the ITC measurements show that the
polyamine specificity is predominantly encoded within the
aromatic box residue 276 and the distal positions 182 and 348

4 J Biol. Chem. (2021) 297(6) 101419

of the PotF binding pocket. Furthermore, the distal residues
seem to exert their influence on binding specificity via ther-
modynamically favoring or disfavoring the stabilization of
water molecules instead of N3 of SPD.

Approaching polyamine specificity from the conformational
perspective of the proteins

Beyond the contribution of the individual positions in the
binding pocket, the opening of the structure is essential; it in-
fluences all residues lining the binding pocket and the accessi-
bility for mediating water molecules. The formation of salt
bridges and the resulting stabilization of the closed state upon
ligand binding seem to play a major role for ligand affinity in PotF,
highlighting the influence of other important protein elements
besides the binding pocket residues (10). PotF/D showed a more
open conformation in the crystal structure (PDB: 70YZ) when
binding SPD (Fig. 2). A similar phenomenon, albeit less pro-
nounced, was observed in PotF:spermine (PDB: 6YEC; Fig. 24), in
which interlobe salt bridges flanking the binding pocket D39—Rys4
and Rg;—E;g4 are disrupted by interactions with the ligand itself.
Thereby, complete closure is hindered in these structures.

Closer examination of PotF/D revealed that two mutations
interfere with wildtype-like salt bridge formation. Although
D39E would increase the length of the one residue involved in
the proximal salt bridge and partially open the structure, the
exchange from Asp to Glu still allows salt bridge formation in
general. However, the second mutation S87Y seemed to have
a much bigger impact on the ligand recognition of PotF as
shown in the prior analysis. In PotD, this Tyr faces inward
into the binding pocket to coordinate N3 of SPD (Fig. 34). In
contrast, when introduced in PotF/D, this Tyr turns outward
and disrupts the salt bridge between E184 and R91 (Fig. 3C).
This observation explains the negative influence of S87Y on
polyamine binding in general as well as the lack of affinity
improvement in PotF/D, as the Tyr does not only disrupt the
salt bridge and thereby obstructs complete closure but also is
not able to coordinate N3 of SPD. Nevertheless, the unfa-
vorable position of Y87 seemed irregular as, in principle,
there should be space to accommodate this residue inside the
binding pocket. This shifted our attention to the close sur-
roundings of position Y87, in particular F88. In PotF (Fig. 3B),
this Phe points inside the binding pocket, but in PotF/D, its
rotamer is vertically flipped by ~180°. It appears that F88 and
Y87 repel each other in PotF/D, driving both residues away
from the binding pocket and eliminating PotD-like posi-
tioning of Y87 (Fig. 3C). All prior observations combined led
to the following three constructs: the basic double salt bridge
reintroduction E39D-Y87S as well as E39D-F88A and
E39D-Y87S-F88Y (Fig. 3D). The F88A containing variant
was constructed to stay with the original plan of grafting the
SPD-binding mode of PotD onto PotF. The removal of this
Phe should allow Tyr to flip inside the binding pocket to
accommodate PotD-like positioning. We also introduced
F88Y in the basic double salt bridge mutant (E39D + Y87S),
thereby hijacking a bulky aromatic residue that already points
toward the binding pocket to introduce a distal PotD-like
Tyr.
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Figure 2. Opening and twisting angles of crystallized variants. A, plot of opening and twisting angles of all variants, where we solved an X-ray structure.
Each circle corresponds to the Protein Data Bank (PDB) identifier it is linked to. B-E, illustration of how the opening and twisting angles were determined.
Opening angle for (B) PotF apo open (PDB ID: 6YED) and (D) PotF:PUT (PDB ID: 6YEO) and, respectively, twisting angle for PotF apo (C) and PotF:PUT (E).
Planes in gray depict the dihedral angle between the Ca atoms of the four chosen residues. Twisting and opening angles were calculated according to
Kroger et al. between residues 55, 136, 220, and 276 and 63, 276, 313, and 361, respectively. Protein structures were visualized using PyMOL (The PyMOL

Molecular Graphics System, version 2.3; Schrodinger, LLC). PUT, putrescine.

Upon analysis by ITC, an increased SPD affinity was
observed for each of the constructed variants. A rudimentary
but insignificant PUT affinity was observable in these variants
compared with the original PotF/D and thereby still deemed as
not determinable (Table 2) in our measurements. The F88A
containing mutant showed a similar affinity for SPD as the
double salt bridge construct but a different thermodynamic
profile. Binding modes of constructs containing Y87S are again
similar to the SPD binding of PotFs, revealing beneficial
enthalpic and entropic shares (Table 2). On the other hand, the
F88A carrying mutant shows a substantial increase in
enthalpic and an unfavorable entropic contribution, in this
case, more like PotF binding PUT (Table S2). The improve-
ment of the enthalpic contribution by the F88A substitution
could suggest a rearrangement of Y87 forming hydrophilic
interactions or hydrogen bonds. The highest affinity was
measured for the double salt bridge mutant containing the
additional F88Y (Kp(SPD) =~ 5.3 puM). The introduction of
F88Y changed the themodynamic profile of the double salt-
bridge construct toward the F88A variant albeit less pro-
nounced (Table 2).

Structural analysis of salt bridge constructs

In order to further investigate the mutant’s contributions,
we tried crystallization of the PotF/D constructs E39D-Y87S,
E39D-Y87S-F88Y, and E39D-F88A. Unfortunately, we were
not able to crystallize F88A after numerous attempts, while
high-resolution structures (Table S3) for both other variants
were acquired. It seemed the removal of a whole benzene ring
in F88A and keeping only a methyl group destabilized the
protein by creating a large unoccupied space. To counteract
the aforementioned difficulties, we constructed a variant
bearing F88L instead of F88A. This construct displays a
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slightly lower SPD affinity (Kp(SPD) = 9.9 uM; Table 2) while
maintaining the general thermodynamic profile. It acts as a
substitute to evaluate whether the structural positioning of
Y87 can be altered by removing F88. We obtained high-
resolution datasets for this variant in a similar fashion as for
the other constructs (Table S3). To our surprise, all solved
structures adopt a PotF/D-like semiclosed conformation
(Fig. 24).

Also, SPD adopts similar positions to the one in PotF/D in
all structures. In E39D-Y87S, no specific differences to PotF/D
are observable. Reverting S87 to Y did not result in complete
closure or F88 flipping back inside the binding pocket
(Fig. 4A). The same behavior is observed in the F88L variant
where Leu tries to mimic Phe positioning (Fig. 4C). It seems
that in these constructs, occupation of the space around res-
idue 88 is important; this puts further emphasis on the prob-
lems regarding the F88A exchange. In F88L, Y87 remains
flipped outside the distal region of the binding pocket. Tyr fills
the unoccupied space between the salt bridge residues, in-
teracts with R91 of the salt bridge, and stacks with Q348. Salt
bridge residue E184 interacts with Q348 and Y87 as well
(Fig. 4C).

Furthermore, R91 can interact with D356. In the E39D-
Y87S structure (Fig. 4A4), R91 shows an additional alternate
conformation that can interact with E69. This interaction is
possible in the completely open “apo” structure (PDB: 6YED)
of wildtype PotF as well, hinting at an Arg “hand-off” between
E69 or D356 and E184 upon closure.

At the proximal side, D39 is part of the water network
involved in coordinating N1 of the ligand. The respective R254
can partially interact with D39 and N231. This time, R254
adopts an alternative conformation in E39D-Y87S and E39D—
F88L, favoring one of the possible interactions in each (Fig. 4,
B and D), respectively. The interaction with N231 supports the
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Figure 3. Structural analysis of distal tyrosine and mutational steps on PotF/D. Design puzzles of PotF/D and the interference for closure (A-C) as well
as the design pathway for improvement (D and E). In PotD (A; Protein Data Bank [PDB] ID: 1POT), Y85 faces inward, directly coordinating SPDs N3. In
wildtype PotF in complex with SPD (B; PDB ID: 6YE8), the corresponding position is occupied by S87 facing toward the binding pocket but not directly
reaching SPD. F88 is in close proximity to S87. In the designed PotF/D (C; PDB ID: 70YZ), the newly introduced Y87 to improve SPD binding faces away from
the pocket and thereby disrupts the distal salt bridge (E1g4—Ro7). In addition, Y87 and F88 seem to repulse each other. D, shows the first steps of rein-
troducing wildtype-like salt bridge residues and changes made at position 88 to allow the initial design of Y87 to fit inside the pocket and allow for salt
bridge formation in addition. The consecutive final design step following D to allow complete closure in our final constructs is shown in E. In A-C, SPD and
important side chain residues are shown as sticks with their 2F,—F. densities contoured at 10 as gray mesh. Protein structures were visualized using PyMOL
(The PyMOL Molecular Graphics System, version 2.3; Schrodinger, LLC). SPD, spermidine.

conformation of R254 in the semiclosed state of these struc-
tures and is observable in the open apo state of PotF wildtype
again. This might hint at a second “hand-off” mechanism for
salt bridge formation upon closure similar to the distal side.
In the highest affinity F88Y mutant, the newly introduced
Tyr slightly rotates inside the binding pocket but does not
directly interact with the ligand. It is involved in cation—mt
interactions with R91 and can stack with N65. The second salt
bridge residue E184 interacts with D182 (Fig. 4E). Whether all
these constructs can completely close in solution remains
elusive. It is always possible that, with these specific mutations
and the constraints they exercise, the semiclosed conformation

6 J Biol. Chem. (2021) 297(6) 101419

is more favored for crystallization of these variants, since the
main interplaying distal residues Y87, D182, and Q348, are all
newly introduced in PotF/D. Nonetheless, more factors than
just the two salt bridges need to influence the preference for
complete closure.

Joining the two approaches

To solve the conundrum of a completely closed PotF
wildtype-like conformation for our designs, we looked at the
dataset as a whole. The importance of the proximal side of the
binding pocket and its role for polyamine binding in general
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Table 2
PUT and SPD affinities as determined by ITC for PotF/D constructs
Protein Ligand Kp (uM) n AG (kcal x mol™) AH (kcal x mol™) —TAS (kcal x mol™)
PotF/D-E39D-Y87S PUT N/D — — — —
SPD 9.44 + 091 0.98 = 0.01 -6.74 + 0.06 -6.56 + 0.13 -0.18 £ 0.19
PotF/D-E39D-F88A PUT N/D — — — —
SPD 9.60 £ 0.54 0.98 = 0.03 -6.73 + 0.03 -12.22 + 0.35 549 + 0.36
PotF/D-E39D-F88L PUT N/D — — — —
SPD 9.90 + 0.45 1.03 + 0.01 -6.71 + 0.03 -12.31 £ 0.11 5.60 £ 0.13
PotF/D-E39D-Y87S-F88Y PUT N/D — — — —
SPD 532 £ 143 0.99 + 0.02 -7.09 + 0.15 -7.81 + 0.21 0.71 £ 0.32
PotF/D-S247D PUT N/D — — — —
SPD 9.43 + 3.07 0.94 = 0.01 -6.77 + 0.18 -6.76 + 0.08 -0.01 £ 0.25
PotF/D-E39D-F88A-S247D PUT 12590 + 5.29 0.92 + 0.04 -5.23 + 0.02 -5.21 + 0.14 -0.02 £ 0.15
SPD 1.48 + 0.14 0.91 = 0.01 -7.82 + 0.06 -4.75 + 0.09 -3.07 £ 0.14
PotF/D-E39D-F88L-S247D PUT 202.70 + 43.13 0.90 + 0.01 -4.97 + 0.13 -5.54 + 0.73 0.57 + 0.86
SPD 3.33 £0.53 0.93 = 0.01 -7.35 + 0.09 -4.19 + 0.06 -3.17 £ 0.10
PotF/D-E39D-Y87S-F88Y-S247D PUT 7792 + 3.17 0.90 + 0.01 -5.51 + 0.02 -4.15 + 0.05 -1.36 £ 0.05
SPD 0.84 = 0.27 0.91 = 0.02 -8.17 + 0.17 -5.46 + 0.08 -2.71 £ 0.16

Kp values are measured as biological triplicates. The reported error is the error between the three measurements.

Abbreviation: N/D, not determinable.

stood out. We already addressed the minor influence of D39E
and its reverse counterpart. The T38S exchange was deemed to
have less of an influence since the general properties of the
residue stayed constant with just an addition of a methyl group.
Hence, the focus shifted toward D247S, the wildtype Asp bears
one of two major carboxyl groups important in primary amine
coordination upon ligand binding and recognition in PotF. In
addition, there must still be a direct influence on closure at the
proximal side even after reverting D39 to E.

We introduced the $247D exchange into PotF/D and into
our high-affinity constructs E39D-Y87S-F88Y and E39D-
F88A/L (Fig. 3E). PotF/D—-S247D showed an improved SPD

."‘4
D39 4 o

affinity in the regime of the first-round salt bridge construct
(Kp(SPD) ~ 9.4 uM; Table 2). The combination of S247D with
the other constructs led to an affinity improvement with which
the nanomolar range was reached for the first time, while
keeping the order of affinities in the different mutants the
same compared with the prior analysis. All binding modes
shifted toward being enthalpically and entropically favored,
reflecting the wildtype binding mode of PotF for SPD
(Table 2). Nonetheless, all constructs regained PUT affinity in
the medium to low micromolar range (Table 2). This was
expected as we reintroduced the wildtype-like proximal pri-
mary amine—binding site in these variants.

Figure 4. Structural details of the first-round salt bridge mutants related to Figure 3D. A, C, and E, distal side of the binding pocket of PotF/D-E39D-
Y87S (A, Protein Data Bank [PDB] ID: 70YS), PotF/D-E39D-F88L (C, PDB ID: 70YT), and PotF/D-E39D-Y87S-F88Y (E, PDB ID: 70YU). Proximal salt bridge side

of the binding pocket of PotF/D-E39D-Y87S (B), PotF/D-E39D-F88L (D), and

PotF/D-E39D-Y87S-F88Y (F). SPD and important side chain residues are shown

as sticks with their 2F,~F. densities contoured at 10 as gray mesh. Protein structures were visualized using PyMOL (The PyMOL Molecular Graphics System,

version 2.3; Schrodinger, LLC). SPD, spermidine.
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We successfully obtained X-ray data for all newly generated
variants including the F88A carrying construct (Table S3). All
structures but PotF/D-S247D adopt a fully closed wildtype
conformation (Fig. 2). This backs up the theory that major
elements on either side of the binding pocket play a crucial
role in modulating closure, excluding the proximal salt bridge
since it never truly was disrupted but rather extended. In the
F88L/A variants, Y87 is finally able to rotate toward the
binding pocket and allows distal salt bridge formation. The
residue, however, does not coordinate the primary amine at N3
of SPD directly but takes part in a hydrogen bonding network
with D182, N65, and a water molecule, which is a direct
interaction partner to N3 of SPD (Fig. 5, A and B).

The orientation of the residues in both mutants is identical,
confirming the F88L containing variant as a structural example
for the noncrystallizable F88A construct in the first part of this
study. An interesting feature of the F88A containing construct
is the orientation of the N2 of SPD, as it faces toward the
aromatic box residues to form stacking interaction in contrast
to all other constructs, in which interaction with D278 is al-
ways preferred. The F88A containing structure is less resolved
than the others, and the ligand density could allow for both
conformations of N2 in the density, but multiple refinement
cycles ended up preferring the built one. This puts more
emphasis on the remaining question regarding the slightly
lower affinity of F88L. As previously described, Leu at position
88 rotates downward, similar to Phe in the original PotF/D,
thereby a-helix 86 to 95 slides back and loses typical a-helical
properties as determined by DSSP (Fig. 5C; (19)). This slight

/5

[

structural change is propagated over two loops and a-helix 114
to 123 with an RMSD (over all Cas) of 0.610 A for this specific
region compared with the residues before (29-86, 0.272 A),
after (124-369, 0.335 A), as well as the complete chain A
RMSD of 0481 A. Chain B as well as the A-B chain com-
parison behaves in a comparable manner (Table S2). This
deviation puts extra strain on the structure of F88L and
especially the distal salt bridge since R91 is in the affected
region. In general, the noise in the F,—F. map of this structure
seems to indicate many flexible side chains. The “flexible” F88L
structure is also the first in which we ever observed SPD taking
alternate conformations in the binding pocket of which one
does not mimic PUT-like positioning. PotF/D-E39D-Y87S—
F88Y-S247D is the construct with the highest SPD affinity
(840 nM; Fig. 5D and Table 2). In this structure, Y88 is
stacking with N65 and the salt bridge residue R91, stabilizing
the latter and thereby adopting the fully closed conformation.
Furthermore, the hydroxyl group of Y88 is coordinated by E66,
whereas R91 is interacting with S87 in two alternate confor-
mations (Fig. 5E). Taken together, the interplay of the
mentioned residues forms a tight pocket surrounding Y88,
thereby stabilizing the distal region and supporting the
completely closed conformation. In all constructs that carry
$247D, SPD adopts a “relaxed” conformation and does not
show unexpected bending of its backbone to fit a specific
position as it does when being bound by PotF wildtype or
PotF/D (Fig. 5, A, B, and D).

All in all, we determined salt bridges and the key carboxyl-
harboring proximal residue D247 as the basic prerequisites for

Figure 5. Structural details of second-round salt bridge mutants related to Figure 3E. A, PotF/D-E39D-F88A-5247D (Protein Data Bank [PDB] ID: 70YV).
B, PotF/D-E39D-F88L-5247D (PDB ID: 70YW). C, PotF/D-E39D-F88L-5247D in green and PotF/D-E39D-F88A-5247D in gray. Red highlights the differences
in the helices of PotF/D-E39D-F88L-5247D (green) to PotF/D-E39D-F88A-S247D (gray). D, PotF/D-E39D-Y87S-F88Y-S247D (PDB ID: 70YX) with waters in
the binding pocket shown as red spheres and the polar contacts highlighted as light green dashed lines. E, distal side of the binding pocket of PotF/D-E39D-
Y87S-F88Y-S247D highlighting the tight and pocket-like coordination of Tyr88. SPD and important side chain residues are shown as sticks. If densities are
shown, 2F,—-F. maps contoured at 10 are depicted as gray mesh. Protein structures were visualized using PyMOL (The PyMOL Molecular Graphics System,

version 2.3; Schrodinger, LLC). SPD, spermidine.
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a complete closure of PotF constructs. Fixing each component
by itself was not sufficient. Only the combination of both al-
lows full closure, deeming it an intricately regulated process.

Discussion
Design aspects and interpretation

We were able to pinpoint SPD specificity to the aromatic
box and the interplay of several distal residues. Nonetheless,
higher affinity SPD binders always came at a partial loss of
specificity by reintroducing a slight PUT affinity. In most cases,
PUT affinity remained marginal and at best in high micro-
molar ranges. This affinity is detectable in in vitro measure-
ments, whereas in an iz vivo situation our final variants would
almost always prefer SPD binding over PUT if given the
choice. On the one hand, we were able to develop an improved
specific SPD-binding PotF variant in PotF_Abox_Dist (7.8 uM;
Table 1) as well as a whole variety of enhanced PotF/D con-
structs (E39D-Y87S, E39D-F88A, E39D-F88L, E39D-Y87S—
F88Y, and S247D) with good SPD affinity (9.4, 9.6, 9.9, 5.3, &
9.4 uM, respectively) and an array of different thermodynamic
binding profiles (Table 2). On the other hand, we designed a
PotF/D construct that completely switched its ligand prefer-
ence compared with the wildtype by exhibiting nanomolar
affinity for SPD (840 nM) and medium micromolar affinity for
PUT (88 uM). It appears that shaping affinity comes always at
the risk of losing specificity and vice versa.

Implications for evolutionary adaptation of polyamine uptake
in pathogenic bacteria

Promiscuity of a receptor allows recognition of a range of
structurally and chemically similar molecules; this comes with
the advantage of adaptability for the host organism as well,
hence it is less susceptible to changes exerting selective pres-
sure. Nonetheless, this adaptability bears negative aspects,
especially looking at pathogens. In the case of PotF and PotD,
numerous orthologs with good sequence conservation, espe-
cially in the binding pocket, have been identified. Highly
similar receptors have been characterized for polyamine
specificity in different bacterial species (14, 20). PotD has been
identified as a potential virulence factor in Streptococcus
pneumoniae (21) and successfully applied as an immunization
against systemic infection in mice (22). Multidrug-resistant
gram-negative bacteria have a significant impact on public
health, and SPD uptake has been linked to the expression of
type III secretion (T3SS) system genes (23), which are an
essential part in their pathogenesis (24, 25). Therefore, a SpuE
antibody was designed to prevent SPD transport and ulti-
mately weakening Pseudomonas aeruginosa infection (26).
Bacterial pathogens have proven their adaptability numerous
times, and by having promiscuous PBPs like PotF (or its ho-
mologs) at their disposal, they might just be able to hijack
another system to facilitate SPD uptake and bypass treatment
methods in the long run. Two mutations in PotF_A-
box_A182D are enough to reverse polyamine specificity in
PotF to favor SPD. This does not take into consideration the
already mediocre micromolar (30 uM) affinity of PotF for SPD,
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which could explain why a previous study on a ApotD S.
pneumoniae strain (21) already hinted at the existence of an
alternative SPD uptake system. It is conceivable that this might
have been the co-usage of the PotFGHI system by both poly-
amines. This is not uncommon in nature, since two other
highly similar PBPs (70% sequence identity (27)), LAOBP and
His], both of which show promiscuous binding capabilities for
Lys, Arg, Orn, and His but in a different order (28—30), even
share the same inner membrane ATPase-permease complex
(HisQMP»; (27)). Major findings of our study compared with
others on the PBPs of the polyamine uptake system are in
mutual agreement, thus it can be feasible to extrapolate these
results onto other bacterial species in which homologs or
orthologs of these proteins can be found. This might suggest
looking at PotD and PotF as well as their respective relatives in
more of a joint manner from a medical perspective.

Conservation and evolution of polyamine transporter systems

To put further emphasis on this point, we utilized a protein
BLAST on the UniProt entry of PotF (UniProt ID: P31133),
which resulted in 250 unbiased hits of polyamine transporter
systems from numerous different organisms (Material S1). We
analyzed conservation and mutational frequency of important
binding pocket and salt bridge residues. This resulted in a
median conservation of ~75% for all 15 residues. The highest
conservation is present for aromatic box residue W37 (100%)
and key carboxyl harboring residues D247, D278, and E185 as
well as proximal salt bridge residues D39 and R254 (all 296%).
Interestingly, in a third of the sequences, F276W is present,
and with generally less conservation at the distal side of the
binding pocket (S87: 45%, A182: 60%, and L348: 43%), an
evolution toward the aforementioned co-usage of PotF by
multiple polyamines is conceivable. This is further supported
considering PotF sequences being annotated as PUT/SPD
transporter systems for several of the different organisms. The
lowest conservation percentage shows distal salt bridge residue
E184 with 26%. In 10% of the cases, E184D would still allow for
salt bridge formation, but E184T (37%) seems to be the
preferred evolutionary trajectory for this residue. Nonetheless,
the opposing salt bridge residue R91 shows good conservation
with 59% and R91K being the nearest possible exchange with
37%, therefore keeping the possibility of distal salt bridge
formation (E/D1gs—R/Ky;) in over a third of the cases. The
results of the conservation analysis are visualized in Figure 6 as
a WebLogo.

The lower conservation rate throughout many of the distal
residues and the potential loss of salt bridge formation enable

Figure 6. WebLogo representation of the conservation analysis of PotF
homologs.
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the distal part of the binding pocket to be less structurally fixed
and, thus, allows for more flexibility and thereby adaptability
for a broader ligand spectrum. We know already that PotF can
recognize multiple polyamines on top of PUT and SPD (10),
and the aforementioned findings suggest the same for different
orthologs, which might have evolved toward even increased
promiscuity by being exposed to various external stimuli
throughout evolution.

Further medical relevance

Polyamines are not only important for bacterial regulatory
pathways but are involved in a multitude of processes in eu-
karyotes (31-33). Their presence and metabolism are
commonly upregulated and dysregulated in cancer cells
(34, 35). Therefore, polyamines have become the target of
multiple treatment strategies as well as biomarkers for tumor
progression in specific cancer types (34). In recent years, the
usage of PBPs as receptor modules fused to circularly
permuted fluorescent proteins as biosensors became a well-
established approach to track small molecules (36—38). Our
studies on PotF provide the perfect framework for engineering
similar biosensors with desired affinities and specificities to
assist clinical polyamine research.

Experimental procedures
Cloning of PotF and PotF/D variants

The gene for PotF (UniProt ID: P31133) without the
N-terminal signal peptide was amplified by PCR using
genomic DNA of E. coli K-12 and primers, which introduced
flanking restriction sites for Ndel and Xhol. After digestion,
the DNA fragment was ligated into a pET21b(+)-vector,
thereby adding a C-terminal His6-tag. PotF/D (previously
called PotF_SPD) was constructed prior to this study (9).
Mutations for the construction of different PotF and PotF/D
variants were introduced by a modified QuickChange PCR
utilizing KAPA polymerase (Roche) followed by an additional
ligation step using T4 DNA ligase (New England Biolabs) ac-
cording to the manufacturer’s protocol. All used oligonucle-
otides can be found in Table S4. Top10 cells were transformed
with reaction mixture via heat shock and plated on LB agar
containing ampicillin (100 pg/ml) as selection marker. Over-
night cultures were grown in LB medium containing ampicillin
(100 pg/ml), and DNA was isolated using NucleoSpin Plasmid
EasyPure-Kit (Machery & Nagel) according to the manufac-
turer’s protocol. To confirm correct implementation of mu-
tations, plasmids were sequenced (Eurofins Genomics) using
standard T7 primers. For expression of proteins, BL21 (DE3)
cells were transformed with the plasmid and plated out on LB
agar plates containing 100 pg/ml ampicillin as selection
marker to obtain single colonies, which were further used to
inoculate overnight cultures.

Protein expression

For protein expression, 2 1 LB were inoculated with 20 ml
of an overnight culture containing 100 pg/ml ampicillin and
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incubated at 37 °C until an absorbance reached a value of 0.6
to 0.8 at 600 nm. Overexpression was induced by adding
IPTG to a final concentration of 1 mM and further incubation
for 4 h at 37 °C. Cells were harvested by centrifugation
(Beckman Coulter; JLA 8.1000; 4000g, 20 min, 4 °C), and
pellets were resuspended and washed with 30 ml buffer
(50 mM Tris [pH 8], 300 mM NaCl, and 20 mM Imidazole).
After recentrifugation (Eppendorf 5920R; S-4x750; 4000g,
1 h, 4 °C), the washed pellets were stored at —20 °C until
further use.

Protein purification

Cells were resuspended (50 mM Tris [pH 8], 300 mM
NaCl, and 20 mM imidazole) and lysed by sonication
(Branson; 6.3 mm tip, 3 x 3 min, 40% duty cycle, output
power 4), followed by a centrifugation step (Beckman
Coulter; JA25.50; 40,000g, 60 min) to separate the soluble
from the insoluble fraction and cell debris. The supernatant
was loaded onto an equilibrated (50 mM Tris [pH 8], 300 mM
NaCl, and 20 mM imidazole) HisTrap HP 5 ml column (GE
Healthcare) using a peristaltic pump (Pump P-1; GE
Healthcare). After washing for ten column volumes with lysis
buffer, unfolding of the protein to wash off endogenous li-
gands was achieved by washing and incubating for an hour
with 6 M guanidinium hydrochloride and subsequently
washing with ten column volumes of lysis buffer for refolding.
The protein was eluted by a stepwise increase of the imid-
azole concentration to 260 mM with an AKTA system.
Fractions containing the protein were pooled and concen-
trated with a centrifugal concentrator (Amicon; 10 kDa mo-
lecular weight cutoff) to a maximum volume of 12 ml and
applied to an equilibrated (50 mM Tris [pH 8] and 300 mM
NaCl) preparative size exclusion column (HiLoad Superdex
75 26/60; GE Healthcare). Fractions with monomeric protein
were pooled and concentrated for ITC measurements or
crystallization setups (Amicon; 10 kDa molecular weight
cutoff). Protein concentration was determined photometri-
cally using the absorption at 280 nm. Expression and purifi-
cation were verified by SDS-PAGE.

ITC

Ligands were always freshly prepared in the exact same
buffer as was used for the size exclusion run. Samples were
degassed, and temperature was equilibrated using a degassing
station (TA Instruments). About 400 pl protein sample of
different concentrations (Table S5) depending on affinity was
transferred into the sample cell of a nanolTC (TA In-
struments), and 50 pl of about tenfold concentrated ligand
solution was loaded into the injection needle. Multiple injec-
tion measurements were carried out at 293 K, 300 rpm stirring
rate, and 250 s spacings between each 2 pl injection. The heat
quantity past injection was determined by integration of the
measured peaks. Every protein-ligand combination was
measured as biological triplicate. Subtraction of heat of dilu-
tion measurements, peak integration, and one site binding fits
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were done with NanoAnalyze (TA Instruments). Reported
errors are the errors between fits of the measured triplicates.

Crystallography

All crystallization experiments were set up as sitting drop
vapor diffusion experiments in either 3-well Intelliplates (Art
Robbins Instruments) or MRC Maxi plates (Swissci) using a
protein concentration of 40, 30, or 15 mg/ml and a 20-fold
molar excess of ligand. Protein—ligand mixtures were equil-
ibrated at 293 K for several hours before crystallization
setups.

First crystals were obtained after an initial sparse matrix
screen using the commercially available JCSG CORE I-IV
screens (QIAGEN). If needed, these hits were further opti-
mized by using a grid screen to improve promising conditions
and applying the Additive Screen (Hampton Research).

This resulted in conditions containing 2.4 M ammonium
sulfate, 0.1 M bicine, pH 8.3 or 9.0, and either 4.5% or 5%
Jeffamine M-600 as additive. We also obtained crystals in
0.1 M sodium acetate (pH 4.6), 0.2 M ammonium acetate, and
30% PEG 4000; 0.085 M sodium acetate [pH 4.7], 0.17 M
ammonium acetate with 30% PEG 4000 and 15% glycerol; and
0.1 M MES (pH 5) with 30% PEG 6000. Detailed information
regarding each crystal can be found in Table S6.

Crystals were mounted using CryoLoops and transferred
into a cryogenic solution made of reservoir solution and either
25% glycerol or 1.7 M malonate matching the pH of the
condition (Table S6) and then cooled down in liquid nitrogen.
Data collection at 100 K was done at the beamlines BL 14.1
and 14.2 at the synchrotron BESSY II, Helmholtz-Zentrum
Berlin (39). Diffraction data were processed using XDSAPP
(40), and decision of resolution cutoff was made according to
CC,/» around 0.25, I/Sigma >0.5, and completeness in the
outer shell >75%. Molecular replacement was done using
Phaser-MR (14) with both lobes independently and missing
hinge region residues of PotF (PDB: 1A99 (13)) as search
model, to account for different opening angles. Data quality
was assessed utilizing phenix.xtriage. Refinements were done
with Phenix.refine (41). Manual model building was performed
in Coot (42). Final models were evaluated by PDB_REDO 6.00
(43). Refinement statistics and crystallographic data are shown
in Table S3.

Bioinformatics analysis of PotF and related sequences

BLAST was used on the UniProt ((44); 2021) entry of PotF
(POTF_ECOLIL P31133) with the settings listed in Table 3.
The resulting hits were analyzed on the mutational distribu-
tion of each residue of interest for this study. A detailed list of
all analyzed sequences and their respective organisms as well
as their score, identity, and E-value with regard to PotF can be
found in Material S1.

Data availability

X-ray coordinates of all solved structures have been deposited
at the PDB (http://www.rcsb.org) with accession codes: 70YS,
70YT, 70YU, 70YV, 70YW, 70YX, 70YY, and 70YZ.
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Table 3

PBLAST parameters used for the conservational analysis of PotF and
PotF-related structures

Program BLASTP (BLASTP 2.9.0+)
Database uniprotkb_refprotswissprot (Protein) generated for
BLAST on December 2, 2020

Sequences 57,391,823 sequences consisting of 21,838,191,652
letters

Matrix blosum62

Threshold 10

Filtered False

Gapped True

Maximum no. of hits 250

reported
Supporting  information—This  article contains supporting
information.
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Figure S1: Binding pocket of PotFwt:PUT (green) and PotFwt:SPD (salmon) with waters (green and red spheres, respectively).
Ligand molecules are depicted as sticks in the matching color. Maps for SPD and waters are shown as 2Fo-Fc-densities
contoured at 10 as gray mesh. The waters highlighted with a red mesh are displaced by SPD in PotFwt:SPD. Protein structures
were visualized using PyMOL (The PyMOL Molecular Graphics System, Version 2.3 Schrédinger, LLC).
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Figure S3: ITC measurements and analysis related to Table 2. Measurements with PUT are labelled with 1 and measurements
with SPD are labelled with 2. A: PotF/D-E39D-Y87S, B: PotF/D-E39D-F88A, C: PotF/D-E39D-F88L, D: PotF/D-E39D-Y87S-F88Y,
E: PotF/D-S247D, F: PotF/D-E39D-F88A-S247D, G: PotF/D-E39D-F88L-S247D, H: PotF/D-E39D-Y87S-F88Y-5247D. Plots contain

data from 3 biological replicates
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Table S1: Residue groups in PotF and their respective counterparts in PotD. All resulting mutations in PotF/D are listed as

well.

PotF

PotD

Mutations in PotF/D

Proximal (Prox)

S38, D39 & D247

T35, E39 & S232

S38T, D39E & D247S

Aromatic box
(Abox)

W37, W244 & F276

W34, W229 & W255

F276W

Distal (Dist)

S85, S87, A182,
E285, D278 & L348

S83, Y85, D168,
E171, D257 & Q327

S87Y, A182D & L348Q

Table S2: RMS calculated by aligning the stated residues from PotF/D-E39D-F88A-5247D onto PotF/D-E39D-F88L-5247 via
PyMol without outlier rejection cycles.

Residues RMS over Ca | RMS over Ca | RMS over Ca | RMS over Ca
Align F88A onto L Chain A/A Chain A/B Chain B/A Chain B/B
29-369 0.481 0.478 0.370 0.409
29-85 0.272 0.259 0.179 0.190
86-123 0.610 0.544 0.518 0.472
124-369 0.335 0.376 0.321 0.371
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Table S3: Crystallographic data and refinement statistics for all solved crystal structures.

E39D-
E39D- E39D- E39D-
PotF/D 'i%%?_‘ '%%%‘ Y87S- $247D F88L- F88A- ‘F(g;’s:
F88Y $247D $247D S247D
PDB ID 70YZ 70YT 70YS 70YU 70YY 70YW 70YV 70YX
Data collection
Wa"[e/'ﬁ”gth 1.0370 0.9184 0.9184 0.9184 0.9184 0.9184 0.9184 0.9184
Resolution 46.14 - 39.01 - 39.29 - 46.36 - 3515 - 49.39 - 47.58 - 40.70 -
ange [Al | 149(1:54 | 160 (168 | 1.57 (163 | 1.95(202 | 136 (141 | 1.28(1.33 | 1.90 (197 | 1.37 (141
9 - 1.49) - 1.60) - 1.57) -1.95) -1.36) -1.28) - 1.90) -1.37)
Space group | P 212124 P 212124 P 212124 P 212124 P 212124 P21212 C222 P21212
Cell parameter
ab o 37.20 3714 37.26 3714 37.06 116.88 73.61 11716
W 81.85 78.03 78.58 78.61 82.15 71.29 122.58 71.49
111.74 118.44 114.44 114.83 111.07 92.42 190.32 92.66
apy ] | 990,900, [ 90.0,90.0, | 90.0,90.0, | 90.0,900, | 90.0,90.0, | 90.0,90.0, | 90.0,90.0, | 90.0, 900,
Py 90.0 90.0 90.0 90.0 90.0 90.0 90.0 90.0
Total 720880 292090 260238 138481 538447 1306722 594419 1212027
reflections (67643) (26997) (25374) (14023) (52254) (114299) (40596) (117504)
Unique 56881 46390 47693 25021 73425 198363 62244 163742
reflections (5388) (4363) (4677) (2455) (7123) (19073) (5363) (16029)
Multiplicity | 12.7 (12.5) | 6.5 (6.2) 5.5 (5.4) 55 (5.7) 7.3(73) 6.6 (6.0) 9.5 (7.6) 7.4 (7.3)
COrS“SpE‘;i‘]a”e 99.6 (95.7) | 99.8 (99.7) | 99.6 (99.5) | 98.9(99.2) | 99.4 (96.2) | 99.3 (96.4) | 90.9 (79.5) | 99.8 (98.9)
Mean 1111 10.35 13.74
sigma [1] (0.55) 9.03 (0.66) ©.73) 6.44 (0.79) | 7.58 (0.61) | 8.80 (0.59) (1.00) 7.21 (0.46)
Wilson B- 237 233 218 30.1 14.5 16.3 33.1 16.6
factor
No. of
molecules 1 1 1 1 1 2 2 2
per a.u.
Matthews 216 2.26 213 2.14 2.15 2,53 2.82 255
coefficient
R 0.136 0.128 0.098 0.206 0.171 0.104 0.121 0.154
merge (4.220) (2.421) (2.027) (2.231) (2.530) (2.316) (2.003) (3.290)
R 0.142 0.139 0.108 0.227 0.184 0.114 0.128 0.166
meas (4.397) (2.645) (2.242) (2.451) (2.721) (2.536) (2.139) (3.540)
R 0.040 0.054 0.045 0.093 0.068 0.044 0.039 0.061
pim (1.218) (1.051) (0.943) (0.996) (0.988) (1.015) (0.712) (1.295)
ce 0.999 0.998 0.999 0.994 0.997 0.997 0.998 0.997
2 (0.281) (0.273) (0.256) (0.262) (0.280) (0.233) (0.375) (0.240)
oo 1.000 0.999 1.000 0.998 0.999 0.999 1.000 0.999
(0.662) (0.655) (0.639) (0.644) (0.661) (0.615) (0.739) (0.622)
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Table S3 (continued): Crystallographic data and refinement statistics for all solved crystal structures.

Refinement
Ril‘;f;'i‘;“s 56879 46390 47683 25007 73415 198355 62236 163728
efoament (5388) (4363) (4677) (2581) (4555) (19073) (5363) (16025)
Reflections
used for | 2101 (199) | 2100 (197) | 2098 (206) | 1251 (135) | 2099 (134) | 2098 (202) | 2101 (182) | 2099 (206)
Rfree
R 0177 0.178 0.174 0.201 0.156 0.132 0.227 0.168
work (0.425) (0.362) (0.340) (0.320) (0.334) (0.332) (0.403) (0.416)
R 0.216 0.209 0.209 0.242 0.186 0.161 0.276 0.194
free (0.446) (0.380) (0.345) (0.355) (0.367) (0.346) (0.459) (0.461)
cC 0.958 0.965 0.966 0.963 0.974 0.978 0.946 0.978
work (0.614) (0.627) (0.587) (0.606) (0.635) (0.577) (0.578) (0.559)
o 0.967 0.961 0.955 0.950 0.975 0.970 0.901 0.976
free (0.495) (0.646) (0.635) (0.493) (0.699) (0.438) (0.630) (0.522)
Number of
non- 3106 3078 3155 2964 3444 6970 5749 6639
hydrogen
atoms
macrom 2750 2726 2764 2729 2855 5994 5432 5718
olecules
solvent 341 218 301 180 545 878 230 814
Protein 341 341 342 341 342 696 682 694
residues
RMS bond 0.002 0.011 0.005 0.005 0.007 0.008 0.007 0.017
lengths [A]
RMS bond 0.52 1.05 0.75 0.69 0.91 1.05 0.86 1.46
angles [°]
Ramachand
ran favored 98.2 97.9 98.2 97.6 97.9 97.8 97.5 98.1
[%]
Ramachand
ran allowed 1.8 2.1 18 2.4 2.1 2.2 25 19
[%]
Ramachand
ran outliers 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
[%]
Rotamer 0.7 0.7 1.0 0.7 1.3 1.8 1.0 1.0
outliers [%]
Clashscore 1.27 5.03 2.61 4.85 2.39 6.09 6.49 3.54
Average B- 31.14 314 283 359 19.7 218 374 235
factor
macrom 29.7 29.6 26.8 35.3 16.9 19.2 37.3 217
olecules
solvent 421 40.9 36.8 40.6 35.0 378 36.8 33.4
Number of
TLS groups 1 1 1 2 2

70




Manuscript 2

Table S4: Oligonucleotides used for the generation of PotF and PotF/D variants via QuickChange during this study

Mutation Orientation | Sequence (5‘-3¢)
$38T & D3I9E forward TTTATAACTGGACCGAATATATCGCCCCG
reverse CGGGGCGATATATTCGGTCCAGTTATAAA
E39D forward CATTTATAACTGGACTGATTATATCGCCCCGGACACG
reverse CGTGTCCGGGGCGATATAATCAGTCCAGTTATAA
87y forward GGTTCCATCTGCCTACTTTCTGGAGCGCC
reverse GGCGCTCCAGAAAGTAGGCAGATGGAACC
Y875 forward GGTGGTTCCATCTGCCAGCTTTCTGGAGCGCCAG
reverse CTGGCGCTCCAGAAAGCTGGCAGATGGAACCACC
F8A forward GTGGTTCCATCTGCCTACGCGCTGGAGCGCCAGTTGACT
reverse AGTCAACTGGCGCTCCAGCGCGTAGGCAGATGGAACCAC
F88L forward GGTTCCATCTGCCTACTTACTGGAGCGCC
reverse GGCGCTCCAGTAAGTAGGCAGATGGAACC
F88Y forward TTCCATCTGCCAGCTATCTGGAGCGCCAG
reverse CTGGCGCTCCAGATAGCTGGCAGATGGAA
forward CTCTTTCCTGGATGATCCAGAAGAAGTTT
A182D reverse AAACTTCTTCTGGATCATCCAGGAAAGAG
D475 forward CGGCTGGGCAGGTTCTGTCTGGCAGGCGT
reverse ACGCCTGCCAGACAGAACCTGCCCAGCCG
$2470 forward ATCGGCTGGGCAGGTGATGTCTGGCAGGCG
reverse CGCCTGCCAGACATCACCTGCCCAGCCGAT
F276W forward AGGGGCGATGGCGTGGTTTGATGTATTCG
reverse CGAATACATCAAACCACGCCATCGCCCCT
1348Q forward AAGCTGTTCACTCAGAAAGTGCAGGATCC
reverse GGATCCTGCACTTTCTGAGTGAACAGCTT
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Table S5: Concentrations of protein and ligand solutions used for the triplicate ITC measurements during this study

Protein Variant Protein concentrations [uM] | Ligand Ligand concentrations [mM]

PotE Prox 1) 348 2) 360 3) 261 PUT 1)3.282)3.64 3)2.70
- 1) 348 2) 235 3) 261 SPD 1)3.282)2.403)2.70
POtE Abox 1) 146 2) 147 3) 140 PUT 1)1.162) 1.66 3) 1.53
= 1)3282) 298 3) 283 SPD 1)4.312)3.27 3)3.09
PotF Dist 1)588 2)502 3) 472 PUT 1)6.002)5.00 3) 5.00
- 1) 602 2) 502 3) 470 SPD 1)6.002)5.00 3) 5.00
POtF_Abox_Prox 1) 425 2) 208 3) 209 PUT 1)4.252)2.003)2.10
1) 409 2) 205 3) 209 SPD 1)4.252)2.003)2.10
POtF._ Abox_Dist 1) 563 2) 382 3) 425 PUT 1)6.002) 3.80 3) 4.25
1) 194 2) 200 3) 209 SPD 1)2.002)2.003)2.09
1) 235 2) 250 3) 291 PUT 1)2.352)2.55 3)3.00

PotF_Abox_S87Y
1) 235 2) 250 3) 291 SPD 1)2.352)2.55 3) 3.00
PotF_Abox_A182 1) 381 2) 433 3) 345 PUT 1)3.802)4.40 3) 3.50
D 1)1932)217.53) 161 SPD 1)2.002)2.203)1.77
PotF. Abox L348Q 1) 240 2) 238 3) 227 PUT 1)2.402)2.40 3) 2.35
1) 240 2) 235 3) 245 SPD 1)2.402)2.40 3) 2.45
PotF/D 1) 4702) 370 3) 360 PUT 1)4.702)3.70 3) 3.60
1) 395 2) 370 3) 360 SPD 1)4.002)3.70 3) 3.60
PotF/D-E39D-Y87S 1)3192)308 3) 312 PUT 1)3.202)3.103)3.10
1)3192)308 3) 312 SPD 1)3.202)3.103)3.10
PotF/D-E39D- 1) 308 2)317 3) 310 PUT 1)3.002)3.103)3.10
F88A 1) 308 2) 317 3) 310 SPD 1)3.002)3.103)3.10
POtF/D-E39D-FASL 1) 294 2) 296 3) 299 PUT 1)2.90 2) 2.90 3) 3.00
1) 294 2) 300 3) 299 SPD 1)2.902)3.00 3) 3.00
PotF/D-E39D- 1) 260 2) 265 3) 248 PUT 1)2.602)2.60 3) 2.50
Y87S-F88Y 1) 260 2) 265 3) 248 SPD 1) 2.602)2.60 3) 2.50
POtF/D-5247D 1)3102) 305 3) 305 PUT 1)3.002)3.00 3) 3.00
1) 310 2)305 3) 305 SPD 1)3.002)3.00 3) 3.00
PotF/D-E39D- 1)3612)3783) 374 PUT 1)4.002) 4.00 3) 4.00
F88A-5247D 1)1832)193 3) 189 SPD 1)2.002)2.003)2.00
PotF/D-E39D- 1)3912)3603)370 PUT 1)4.002)3.603)3.70
F88L- S247D 1)2052)1803) 220 SPD 1)2.002)1.803)2.20
PotF/D-E39D- 1) 393 2) 388 3)379 PUT 1) 4.00 2) 4.00 3) 4.00
Y87S-F88Y-S247D 1) 202 2) 186 3) 189 SPD 1)2.102)2.103) 2.00
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Table S6: Full crystallization conditions, protein concentrations and cryogenic solutions used for the structure determination
of all constructs throughout this study.

Construct Concentration Condition Cryogenic Solution
0.085 M Sodium acetate pH 4.7,
PotF/D-E39D-Y87S 15 mg/ml 0.17M Ammonium acetate, -
32.5% PEG 4000, 15% Glycerol
0.1 M Sodium acetate pH 4.6,
PotF/D-E39D-F88L 30 mg/ml 0.2 M Ammonium acetate, 25% Glycerol + SPD
30% PEG 4000
0.1 M Sodium acetate pH 4.6,
PotF/D-E39D-Y87S- .
Fagy 40 mg/ml 0.2 M Ammonium acetate, 25% Glycerol + SPD
30% PEG 4000
PotF/D-E39D-F88A- 30 mg/ml 2.4 M AmS04, 0.1 M Bicine 50% 3.4 M Malonate
mg/m
$247D & pH 8.3, 4.5% Jeffamine M600 pH 8.3 + SPD
PotF/D-E39D-F88L- 40 mg/ml 2.4 M AmS04, 0.1 M Bicine 50% 3.4 M Malonate
mg/m
S247D 8 pH 9.0, 5% Jeffamine M600 pH 8.8 + SPD
PotF/D-E39D-Y87S- 30 mg/ml 2.4 M AmS04, 0.1 M Bicine 50% 3.4 M Malonate
mg/m
F88Y-S247D 8 pH 8.3, 4.5% Jeffamine M600 pH 8.3 + SPD
PotF/D-S247D 40 mg/ml 0.1 M MES pH 5, 30% PEG 6000 25% Glycerol + SPD
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Abstract:

Agmatine regulates multiple neurotransmitter systems. However, the underlying molecular
mechanisms are not fully understood. To visualize agmatine dynamics in cellular networks and thereby
unravel its physiological function, we generated a genetically encoded fluorescent agmatine biosensor
(AGMsen) based on the periplasmic putrescine binding protein PotF. We first characterized the
agmatine binding properties of the PotF receptor module based on its crystal structure and mutated
the binding pocket to favor agmatine binding over other biogenic amines. We then applied the
biosensor in different cell types to test its functionality and response to agmatine. Our results show
that AGMsen allows visualization of agmatine in live cells, in particular in primary neuronal cultures.
Thus, the sensor can be used as a tool to contribute to our understanding of agmatine distribution and

dynamics, and its effect on neuronal functions in vivo.
Introduction:

Neurotransmitters are key regulators of brain function, and their dysregulation leads to a number of
neuropathologies’™. Optical imaging reveals spatio-temporal neurotransmitter distributions and as
such largely contributes to understanding neuronal function and the development of new concepts for
therapies to treat neuropathologies. Prime examples are genetically encoded biosensors that allow to
visualize neurotransmitters like dopamine, glutamate, GABA, and serotonin in different organisms*=2.
A neurotransmitter that is yet at the advent of its research is agmatine (AGM), the decarboxylated
form of the amino acid arginine. AGM can be taken up by axon terminals and is localized in synaptic
vesicles, from which it can be released in a calcium-dependent manner®, This is in line with the

proposed neurotransmitter-like function of AGM since it shows an influence on multiple molecular

74



Draft for Manuscript 3

targets that include neurotransmitter systems like nicotinic, imidazoline I, and |, a,-adrenergic,
glutamate NMDAR, and serotonin 5-HT2A and 5HT-3 receptors!l. Even with this multitude of different
targets, agmatine is still referred to as a neuromodulator or co-transmitter because no agmatine-
specific, postsynaptic receptor or agmatinergic system has been identified yet. Still, the most common
central nervous system disorders seem to have a polygenic origin and due to its large presence in the
peripheral and central nervous system, agmatine is conjectured to be a “magical shotgun”, a non-
selective drug with multiple targets, which can lead to more effective treatments'*2, AGM function in
the central nervous system includes antidepressant-like effects'®!*, protection against schizophrenia®®,
improvement of cognitive dysfunction in Alzheimer’s disease!®, and improvement of multiple

sclerosis?’.

However, the molecular mechanisms underlying its function in the brain are unknown. This is also due
to a lack of knowledge on the spatio-temporal effector function of agmatine in vivo. Hence, the
development of a genetically encoded biosensor that allows to visualize agmatine localization and
dynamics in a non-invasive manner is key to understand the role of agmatine in
neuro(patho)physiology. Here, we developed a fluorescence-based, genetically encoded AGM
biosensor, consisting of an AGM binding-domain derived from the putrescine periplasmic binding-
protein (PBP) PotF from E. coli fused to a super-folder circularly permuted GFP (sfcpGFP®1°), The large
conformational change of the PBP upon AGM binding can be transmitted to the GFP, thus, altering the
chromophore environment and increasing GFP fluorescence 2%%, We chose PotF due to its

promiscuous binding of biogenic amines as characterized in prior studies? %

. Our engineering
employed a semi-rational approach combined with a medium throughput fluorescence screening
method to optimize linker positions and improve AGM specificity. We applied the final AGM biosensor,
AGMsen, in different cell types in vitro, i.e., in primary neuronal cultures. Our results show that the
agmatine sensor AGMsen can be used as the first of its kind to track agmatine in various experimental

set-ups, which will allow to shed light on AGM function not only in vitro but also in vivo.
Results:
Scaffold selection and initial sensor construction

In a previous study, we discovered AGM as a natural ligand (Kp = 0.22 uM) for the periplasmic binding-
protein PotF. The high affinity of PotF towards AGM can be explained by the perfect mimic of the
binding mode of putrescine (PUT), as determined by crystallography (FIGURE 2a & b)?2. To facilitate
the engineering of high agmatine affinity and specificity by reengineering the binding pocket, we first
established a sensor for the native ligand putrescine. We inserted the circular permuted green
fluorescent protein (cpGFP, carrying mutation K12R) in the putrescine binding-protein PotF of E. coli.

Entry sites were chosen based on assumed major backbone displacement in the hinge region, as
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elucidated on the bound structure of E. coli PotF (1A99%%, Figure S1). Most entry sites gave rise to a
sensor that responded to addition of putrescine (PUT; Figure S2) with only position 332 showing no
response. Most of the sites resulted in a sensor that decreased its fluorescence upon PUT addition.
Only the sensor 328/332 showed a fluorescence increase of AF/Fo ~0.3 upon the addition of 50 uM
PUT. As we aimed for a sensor that increased its fluorescence upon binding, we continued with the
sensor 328/332. We next explored the effect of different linkers between N-PotF and cpGFP as well as
cpGFP and PotF-C. We limited ourselves to changes of the two residues exiting (N-linker) and entering
PotF (C-linker), respectively. From this screen, A327L/E328l of the N-linker emerged as the best variant
with the C-linker remaining unchanged (N332/P333). Since the screen was based on measuring
fluorescence changes after PUT addition to crude extract of E. coli, we introduced mutations (S87Y,
F276W) as they reduce initial PUT affinity from the native nanomolar to micromolar range® to prevent
confounding effects of intracellular ligand. Next, we replaced the initially used cpGFP by the circular
permuted variant of superfolder GFP® (sfcpGFP). We took this preliminary sensor (PUTsen) as a

template for the engineering of a sensor with high sensitivity and specificity for agmatine.

A Qa7 \Q: R\ 1 82
\ Yy 2 4 N
D24'>§>'?VU’ <

Figure 2: Overview of the binding pocket of PotF in complex with putrescine (A) and agmatine (B). Agmatine binds to wild-
type PotF with high affinity as it mimics the putrescine binding mode. Ligand molecules and residues forming the binding

pocket are shown as sticks. 2mFo-DFc maps for ligands are shown as gray mesh contoured at 1 o using PyMOL.
Tuning affinity towards agmatine

The PotF receptor module needs to be engineered to specifically bind AGM so that sensor performance
can be assessed in cell culture experiments and possibly in vivo in the future. The natural biogenic
amine ligands of wild-type PotF play an essential role in cell proliferation, they will be present in
experimental set-ups, and can even be included in media®>28. An unspecific sensor would recognize

these other molecules, thus leading to high background levels or false positive results.

A high initial affinity to the target molecule is desirable for engineering, since shaping ligand specificity
in a promiscuous binder like PotF often comes at the cost of losing affinity?. As a starting point for
possible mutations, we first investigated PotF/D, a PotF variant into which the binding pocket of the

homologous PotD was grafted?®, and were surprised to already find high AGM affinity in isothermal
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titration calorimetry (ITC) measurements (Kp = 4 uM, Figure 3a). Additionally, PotF/D does no longer
bind PUT and recognizes spermidine (SPD) with an affinity of 37 uM, making it a first construct with
improved AGM specificity compared to PotF. Building on a thorough analysis of the differences
between the binding pockets of PotF and PotF/D?3, we randomly combined mutations (Table S1) from
this study and started to screen biosensor constructs for affinity and specificity to AGM in E. coli lysate
based on fluorescence changes upon ligand addition. The most interesting variants showed a high
fluorescence increase in response to AGM and low or no response to other PotF ligands like PUT, SPD,
and cadaverine (CDV). These variants were further purified by affinity chromatography to limit the
influence of lysate compounds and were re-screened for biogenic amine binding. The results of our

lysate and protein assay screening round that yielded the final variant is shown in Figure S3.

This final variant from our screening carried the mutations S87Y and A182D. Additionally, we aimed to
generate a non-binding control sensor to confirm that changes in fluorescence are triggered by ligand
binding only. Therefore, we introduced the mutation D247K, which is located in the first responding
region of the protein to ligand encounter??. By introducing a lysine at this position, we can mask the
primary amine binding-site in PotF and generate a sensor that cannot bind any of the tested
polyamines. We verified the effects of these mutations on AGM specificity by measuring binding
affinities with ITC for the PotF receptor modules without fusion to a fluorescence protein: PotF-S87Y-
A182D displayed an affinity of 0.3 uM for AGM and no apparent Kp for the other tested ligands PUT,
SPD, and CDV (Figure 3b). The control sensor (PotF-D247K) showed no binding for any of the tested

ligands (Figure 3c).
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Figure 3: ITC measurements for PotF/D (A), PotF-S87Y-A182D (B) and PotF-D247K (C). PotF/D displays a Kp of 4 uM for AGM.
The PotF-S87Y-A182D receptor molecules displays an affinity of 0.3 uM (B). Any binding of other polyamines was not
detectable in ITC. The designed control receptor PotF-D247K (C) shows no binding of any tested ligand. Measured

thermodynamics and stoichiometry of all measurements can be found in Table S2.
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To examine and understand the binding of AGM further, we solved the crystal structure of PotF-S87Y-
A182D in complex with AGM and compared it to wild-type PotF. Interestingly, the positioning of the
two lobes in PotF is slightly displaced and more open in the S87Y-A182D variant (Figure 4a). We
analyzed the opening and twisting between the two lobes in this structure as described before?? and
found 10.9° wider opening and 7.1° wider twisting angles compared to the closure observed in wild
type. Still, most AGM interacting residues in the binding pocket do not differ from the wild type
(Figure 4b & 2b). Since the lobes are slightly further apart, distances between interacting residues and
important binding pocket waters can change. These distances are compensated by the bulkier ligand

AGM but are most probably detrimental for high affinity binding of slim ligands like PUT and SPD.

The control receptor module PotF-D247K showed no apparent binding to all tested polyamines in ITC
(Figure 3c). Furthermore, the crystal structure confirmed that the amine of the newly introduced lysine
247 occupies the primary amine binding-site of the PotF pocket and, thereby, blocks ligand binding as

expected (Figure 4c).

A

Figure 4: Alignment of the PotF receptor module (S87Y-A182D) of AGMsen in complex with AGM (pale orange) and PotF in
complex with PUT (grey; A). Overview of the binding pocket of the PotF receptor module of AGMsen (B) and the control
sensor (C). The structure of the AGMsen receptor module is slightly more open than wild type PotF. The positioning and
interactions of agmatine in the pocket remain mainly unchanged compared to in the wild type PotF (Figure 2b). In the control
sensor residue K247 occupies the primary amine binding site and, thereby, prevents ligand binding. Ligand molecules and
residues forming the binding pocket are shown as sticks. 2mFo-DFc maps for ligands are shown as gray mesh contoured at 1

o using PyMOL. Structure statistics can be found in table S4.
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Purified sensor performance

After the promising ITC results for the isolated receptor modules, we assessed the binding capabilities
in the framework of the biosensor with the added sfcpGFP. We named the sensor containing S87Y and
A182D AGMsen and conducted fluorescence-based dose-response measurements with AGMsen
purified from E coli upon addition of AGM, PUT, SPD, and CDV at concentrations ranging from 0.1 uM
to 10 mM. Here, AGMsen showed a dynamic range (AFmax/Fo) of 3.0 and an AGM affinity of 38 uM
(Figure 5a, Table S3). For the control sensor, only a small increase in fluorescence intensity at very high
AGM concentrations was observable in the dose-response measurements, which corresponds to a Kp

of 3.6 mM (Figure 5b, Table S3).

Overall, PotF receptor variants showed good performance in ITC and fluorescence-based dose-
response measurements as sensors, albeit with differences in affinity between the two techniques.
This is most likely due to the influence of the inserted GFP on the PotF receptor modules. We
introduced the sensors into pcDNA3.1. and pDisplay for eukaryotic expression to further characterize
them in cell culture experiments. With pDisplay, we introduced an N-terminal signal peptide to guide
the sensor to the secretory pathway and a C-terminal transmembrane domain to anchor the sensor

on top of the cells.
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Figure 5: Dose-response curves in response to different biogenic amine ligands for purified AGMsen (A) and purified control
sensor (B) from E. coli. (A) AGMsen that carries the mutations S87Y and A182D shows a dynamic of 3.0 and an affinity of
38 uM for AGM. Additionally, AGMsen shows low affinities for SPD, PUT and CDV with Kp's of 244 uM, 1.9 mM, and 3.4 mM,
respectively. (B) The control sensor displays residual AGM affinity (3.6 mM) accompanied by a low dynamic range (AFmax/Fo
1.3). Data points represent the mean of triplicates and the fit was done with the Hill equation using the fit-o-mat3°. All Kp

values can be found in Table S3.
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Sensor characterization in cells

First, we performed immunocytochemistry to visualize the expression of AGMsen in the pcDNA3.1 and
the pDisplay backbone in HEK293 cells. To analyze anchoring of the sensor into the outer cell
membrane, we performed labeling with and without cell permeabilization (Figure 6a). The expression
of the sensor in both constructs was verified in permeabilized cells but membrane anchoring was only
observed in the non-permeabilized cells expressing pDisplay-AGMsen. Thus, the sensor is secreted and

incorporated into the outer cell membrane.

We next characterized the sensor performance in different cell-based set-ups. Therefore, we
expressed AGMsen and the control sensor in HEK293 and performed dose-response measurements in
cell lysate, which we compared to the prior E. coli assays to ensure the constructs behave similarly and
are not influenced by specific eukaryotic features, e.g., posttranslational modifications. No notable
differences between the assay results from E. coli proteins and HEK lysate for affinities of all ligands
were observed (Figure 6b & c and Figure 5a &b, Table S3), thereby confirming our bacterial set-up as
a robust screening platform that can be used to predict sensor function in eukaryotic cells. The only
observable difference is a 20% drop in dynamic range upon AGM addition, which is expected as some
lysate components might quench the fluorescent signal (Figure 6b). We then measured dose-response
curves for HEK293 live-cell suspensions in a PTI spectrofluorometer for pDisplay-AGMsen (Figure 6d).
Here, the secreted sensor displayed a lower Kp of 525 uM and dynamic range of 1.6 compared to the
lysate from intracellularly expressed sensor (Kp = 35 uM, AFmax/Fo = 2.4, Figure 5c). Still, the sensors
response is likely enough to visualize release events as neurotransmitters reach high concentrations in

the synaptic cleft (as discussed below).
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Figure 6: Immunocytochemistry of HEK293 cells expressing AGMsen in pcDNA3.1 or pDisplay, with or without
permeabilization (A). Dose-response of AGMsen (B) and the control sensor (D) in HEK293 cell lysate. AGMsen was expressed
in HEK293 cells using either the pcDNA3.1 or the pDisplay backbone (A). In permeabilized cells, GFP expression was detected
in both cases, while in non-permeabilized cells, GFP was only observed for the pDisplay variant, confirming the correct
incorporation of the sensor after secretion into the outer cell membrane. Cells are counterstained with DAPI.
Scale bar = 20 um. In HEK cell lysate the affinities for AGMsen (C) are similar measured affinities for purified sensor from
E. coli with the dynamic range being slightly lower (AGM Kp = 35 UM, AFmax/Fo = 2.4). The control sensor also performs the
same displaying residual AGM affinity of 2.4 mM accompanied by a low dynamic range of 1.2. The response of AGMsen
displayed on top of HEK293 cells (D) to AGM shows a reduced Kp (525 pM) and dynamic range (1.6) compared to the non-

displayed variant. Data fits were done with the Hill equation using the fit-o-mat3°. All Kp values can be found in Table S3.

Therefore, we subcloned pDisplay-AGMsen and the control sensor into a pAAV backbone with a
synapsin promotor for neuronal expression and generated Adeno-associated virus containing the
sensors. We next transduced primary rat hippocampal neurons with the pDisplay-AGMsen and control
sensor and observed expression after 8 — 10 days (Figure S3). To quantify the AGM response, we
analyzed neurons for each added AGM concentration using ImagelJ as described in Figure S4. Results
for different cells in the same experiment do scatter (Figure S5), nevertheless, clear trends are
observable (Figure 7 & S5). Overall, fluorescence signal changes in neurons were much lower
compared to HEK but the resulting Kp of ca. 700 uM is in the same regime as for the sensor displayed

on HEK cells. This confirms functionality for AGMsen displayed on rat hippocampal neurons.
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Figure 7: Response of AGMsen in neurons. AGMsen was expressed in rat hippocampal neurons and imaged using a Zeiss
Observer.zZ1 widefield microscope before and after the addition of agmatine (dashed red line in a). A: Exemplary curves of
single ROIs after the addition of AGM at concentrations between 5 and 0.25 mM. Top left insets show magnifications of the
5 mM addition data (dashed white rectangle in B) with the mean of three frames before and after agmatine addition shown
(hollow and filled circles on x-axis). B: Mean fluorescence change ratio of AGMsen and control sensor at different AGM
concentrations. Shown is the mean pixel value of a minimum of 10 ROIs per datapoint. Error bars indicate the standard
deviation. The AGMsen data can be fitted with a sigmoidal yielding a Kp of ~0.7 mM (quality of fit r-squared 0.83). The inset
shows a maximum intensity projection of the data for the 5 mM addition. The automatically chosen ROIs are indicated in red.
All scale bars are 100 um. All color bars as in inset in A. Curves for AGMsen and control sensor for all concentrations and ROIs

can be found in Figure S5 and a detailed description of the analysis procedure can be found in Figure S4.

Discussion:
Design aspects

In the engineering of the sensor the functional guanidino group proved to be a major player to achieve
selectivity for an otherwise indiscriminate polyamine binding protein. The unconventional pairing of
the high similarity of the binding mode with the uniqueness of a different functional group was the key
ingredient in the sensor design process. In the sensor crystal structure, the positioning of AGM does
not differ from the one in wild type suggesting that the other amines still recognize the primary amine
binding site with rudimentary affinity. The main changes of the structure are in the distal site of the
pocket (S87Y & A182D, Figure 4) where in the case of AGM, the guanidino group is located. It seems
that this large and bulkier group withstands the mutational changes and maintains high affinity while
the smaller primary amine groups of the other ligands loose most of their affinity. This is most probably
caused by slightly incomplete closure of the PotF-S87Y-A182D receptor module of AGMsen, which

results in worse coordination for the less bulky ligands like PUT and SPD. This also has consequences
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for the sensor, whose functionality depends on closing of PotF, hence, it might display a lower dynamic

range than possible with optimal closure.

We observed discrepancies between the actual sensor affinities and the affinity of the receptor module
by itself determined by ITC. On the one hand, the sensor is purified only by IMAC and mostly screened
in lysate which can affect the performance of the receptor module. On the other hand, GFP with a size
of 28 kDa is inserted into a movement sensitive region of PotF and, therefore, can influence PotF by
exerting forces or resistance on the closing mechanism. It is notable that AGMsen does not completely
omit binding of the other amines, especially for the longest comparable ligand SPD. Still, fluorescence
signal and the affinity in purified sensor are much lower for SPD (245 uM), hence, this will most likely

not influence the results since the sensor would always prefer AGM in an in vivo setting.

In addition, our knowledge of the PotF pocket and dynamics allowed us to construct a functional
control sensor. D247K occupies the primary amine binding site, where typically all characterized
ligands of PotF would bind in the same fashion. It is notable that the crystal structure displays a nearly
fully closed conformation which could explain the good signal of the control sensor. This allows for
reliable controls and the assessment of robustness for future experimental set-ups since drifts or other

issues in fluorescence signal will be easily traceable with the control sensor.
Sensor performance

As there are no significant differences comparing the assay results between E. coli and HEK cells
(Figure 5a & b and & 6b & c), it confirms the robustness of our screening system and dispelled any
concerns that codon usage would impact results since the sensor genes were not optimized for HEK
cell expression. The HEK displayed AGMsen performed worse than the non-displayed construct,
showing a lower apparent affinity and dynamic range. This suggests that the dynamics of the sensor
are further influenced by the addition of the secretion signal, linkers, and transmembrane domain.
This is not unexpected, as like the insertion of sfcpGFP, these modifications can influence the dynamics
of PotF and its closing mechanism. We know from ITC measurements that the potential Kp of AGMsen’s
PotF receptor variant is 0.3 uM. Therefore, the sensor might be further optimized by improving the
different linkers to obtain better signals and to provide less influence on the affinity, especially at lower
ligand concentrations. Moreover, the epitope tags from the construct can be removed as in
pMinDisplay, a version of pDisplay missing the HA tag®. Another factor that is important to address are
reaction conditions: the displayed sensor ideally works in an extracellular environment and the other
sensor intracellularly, meaning a different experimental set-up is required i.e., changing salt content
and concentrations. Ligand binding in the PotF pocket is highly mediated by coulomb forces between
ligand amines and carboxyl harboring sidechains??, therefore the ionic strength of the buffer could

potentially impact affinities. Nonetheless, the highest potential affinity (0.3 uM, Figure 3b, Table S2)

83



Draft for Manuscript 3

for the PotF receptor module was determined by ITC in a high salt buffer containing 300 mM NaCl,
hence we believe the impact of the different extensions on PotF play a bigger role than slight

differences in buffer conditions.

The importance of improving dynamics further becomes apparent when assessing the neuron data.
Due to generally lower signal increase, background noise can have a strong influence on the results
and neuron culture is overall more inconsistent. This could be counteracted by having a stronger, more
prominent signal. The response of AGMsen displayed on neurons was slightly lower but in a similar
regime as observed for the HEK displayed AGMsen. One reason could be the difficulties with signal
intensity and high fluctuations between cells in the same measurements, resulting in high errors.
Additionally, neurons were prepared from rat, a different organism, which could also lead to small
changes in performance. Nevertheless, HEK cell and rat neuron displayed AGMsen are comparable and
newly optimized constructs could be easily characterized and compared in HEK cells first before

moving to other organisms and experimental set-ups to save time and resources.
Further engineering approaches

There are further possibilities for improvements in case linker engineering only increases the dynamic
range but not the affinity. Recent studies revealed a new possible strategy to engineer binding in PBPs.
Van den Noort et al.3! discovered that distant mutations that tweak free energies of available
conformations can influence affinity in the maltose-binding protein (MBP). Using this method, we do
not have to reengineer the already optimized pocket for binding again but target other areas of the
receptor module. A final remark considering the neuroscientific research is that we only investigated
sensor functionality and response to external AGM addition. Analyzing specific effects of AGM by
tracking of natural release upon stimuli in the synaptic cleft will be essential. A way to target the post-
synapse and improve spatial representation is by adding neuroligin (Nlgn) as a localization tag to the

displayed construct as it has been done for similar sensors like iSeroSnFR&.
Cellular Agmatine mechanisms

Besides its neuronal effects AGM has a strong influence on polyamine metabolism in general. It can
inhibit ornithine decarboxylase (ODC), the rate limiting enzyme of polyamine biosynthesis®2. As
mentioned before, polyamines are important for proliferation and it has been shown that ODC levels
are elevated in tumors, making it a proto-oncogene3*3, Therefore, AGM is an interesting antagonist
to proliferation because through ODC inhibition, intracellular polyamine levels are reduced, and
growth is hindered. AGM is taken up by mammalian cells by using the polyamine transport system,
which is positively correlated with the rate of cell proliferation®. To quantify uptake in different cell

types, radioactively ([*H]) labeled AGM or the determined ODC activity was used3?3¢™!, Qur
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intracellularly expressed sensor is a promising tool that could provide a solution to measuring AGM

import without the need for labeled compounds due to the fluorescent readout.

Finally, it is worth mentioning that we can alter the polyamine preference in PotF by only a few point
mutations making engineering towards other ligands straightforward. Our screening in E. coli is
fluorescence based and can be scaled up to screen libraries for potential candidates. Combining these
features with the presented results allows to create ligand independent tests and apply this knowledge

to develop further PotF-based sensors.
Conclusion:

Using our understanding and detailed prior studies on PotF, we were able to engineer an AGM sensor,
which is functional in HEK cells and rat hippocampal neurons. The sensor is available in multiple vectors
for expression inside cells (pcDNA 3.1) or for display on cells (pDisplay and pAAV-pDisplay). We also
provide a non-binding control sensor that can be used to directly confirm the authenticity of signal
changes in AGMsen being induced by AGM binding and no other components of the experimental set-
up. We are aware that there is room for improvement regarding dynamic range and affinities in the
current sensor framework to track weaker AGM signals. As outlined above these imperfections can be
addressed with further engineering in the future. Still, for AGM to fulfill its neuromodulatory
functions, like other transmitters, high concentrations in the synaptic cleft are needed. It has been
shown that AGM is colocalized with glutamate, the major excitatory neurotransmitter of the CNS, in
the hippocampus®. The concentration of glutamate at cultured hippocampal synapses peaks at 1.1
mM* and it has been described that concentrations surpass 1 mM after stimulation by an action
potential®. It is conceivable that AGM is capable to reach concentrations in this range which is reliably
detected by our sensor. In addition, the high uM affinity allows the sensor to not be influenced by
small fluctuations in AGM concentrations and, hence, it should only signal genuine release events.
Therefore, AGMsen is a first important step towards better understanding AGM-specific mechanisms
in a non-invasive manner and we hope by providing this tool we can work closely together with users

to further tune it towards different needs.
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Methods:
Initial construction in pET21b(+)

Initial sensor construction was conducted by a two-step splicing overlap extension PCR with Phusion
polymerase (New England Biolabs) using standard protocol with an adjusted elongation time of 50 s.
Used oligonucleotides can be found in Table S5. Resulting fragments were purified after agarose gel
electrophoresis. After subsequent restriction hydrolysis with Ndel and Xhol (both from Thermo
Fisher Scientific) the fragment was ligated into equivalently linearized pET21b(+).Top10 cells were
transformed with the reaction mixture via heat shock. DNA of overnight cultures was isolated using
NucleoSpin® Plasmid EasyPure-Kit (Machery & Nagel) according to the manufacturers protocol and
correct implementation of mutations was checked by sequencing at Eurofins Genomics using

standard primers.
Targeted mutagenesis

Mutations for the construction of different AGMsen and PotF variants were introduced by a modified
QuickChange PCR utilizing KAPA® polymerase (Roche) followed by an additional ligation step using T4
DNA ligase (New England Biolabs) according to the manufacturers protocol. All used oligonucleotides
for mutations presented in this work can be found in table S5. Transformation, DNA isolation and

construct verification was conducted as described above.
Cloning into pDisplay

Sensor constructs were amplified with Q5 polymerase (New England Biolabs) using oligonucleotides
(Table S6) that introduced Sfll and Pstl (both from Thermo Fisher Scientific) restriction sites. After
restriction hydrolysis using standard protocol for the respective enzymes and subsequent
purification, fragments were ligated into equivalently linearized pDisplay. Transformation, DNA

isolation and construct verification was conducted as described above.
Cloning into pcDNA

Final and control sensor fragments were cloned into pcDNA using Gibson assembly. Fragments were
amplified using a standard Q5® High-fidelity DNA-Polymerase protocol (New England Biolabs). Primers
were designed using NEBuilder® and are shown in table S6. The PCR added a Kozak sequence to
facilitate translation in eukaryotic cells. Amplified vector and insert fragments were purified from 1%
(w/v) agarose gels using NucleoSpin ® Gel and PCR Clean-up kit (Macherey & Nagel) according to
manufacturer’s protocol. Subsequently, fragments were mixed in a 1:1 ratio (n/n) to a final DNA

guantity of 200 ng in 5ul reaction volume. DNA mix was added to Gibson Assembly reaction mix and

86



Draft for Manuscript 3

incubated for 1 h at 50°C. Transformation, DNA isolation and construct verification was conducted as

described above.

Cloning of sensor genes into an adeno associated virus (AAV) vector

For expression on the surface of neurons, the genes for the displayed AGMsen and the control sensor
were placed under the control of the human synapsin | promoter. Therefore, both sensors were
excised from the respective pDisplay-plasmids including the N-terminal Igk leader and HA, as well as
C-terminal Myc and PDGFR domain sequences using Xbal and Hindlll. Afterwards the genes were
subcloned into an AAV vector (rAAV-Syn1-MCS; serotype 2/1) and used for recombinant AAV

production. rAAV-Syn1-MCS was kindly provided by Martin Schwarz (Bonn University Medical School).
Protein expression and purification
Receptor modules were expressed and purified as described in Kréger et al 2021a &b.?%3

Sensor variants were overexpressed in autoinduction medium ZYM-5052% for 18 h at 30°C and 180
rpm using E. coli BL21 (DE3) cells. After expression, cultures were pelleted (3500 g, 20 min, 4°C) and
resuspended in 20 mL buffer S1 (20 mM Tris pH 8, 100 mM NacCl, 20 mM imidazole) per pellet of 500
mL culture. Cells were disrupted by sonication (Branson medium tip, 2 x 3 min, Duty 40%, Output: 4).
After centrifugation (40.000 g, 1 h, 4°C) supernatant containing C-terminally Hisc-tagged target protein
was loaded onto a 1 mL HisTrap™ FF column equilibrated with 10 CV buffer S1. The column was washed
with 10 CV buffer S1 followed by elution with buffer S2 (20 mM Tris pH 8, 100 mM NaCl, 500 mM
Imidazole). Elution of the sensor was tracked by the greenish hue. Afterwards, buffer was exchanged
to the desired assay buffer using NAP 25 columns. Purified sensor was stored at 4°C if not used

immediately.
Isothermal Titration Calorimetry (ITC) of receptor modules

ITC was performed as described in Kroger et al 2021a & b?*%, Used protein and ligand concentrations

can be found in table S7
Crystallography of receptor modules

All crystallization experiments were set up as sitting drop vapour diffusion experiments in 3-well Intelli
plates (Art Robbins Instruments) using a protein concentration of 40 mg/mL (PotF-S87Y-A182D) and
30 mg/mL PotF-D247K and a 20-fold molar excess of ligand if added. Protein-ligand mixtures were

equilibrated at 293 K for several hours before crystallization setups.
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Crystals for PotF-S87Y-A182D were obtained in 0.085 M sodium acetate pH 4.6, 0.17M ammonium
acetate, 30% PEG 4000 and 15% glycerol and for PotF-D247K in 2.4 M ammonium sulfate, 0.1 M Bicine
pH 9.0 and 10% Jeffamine M60O0.

Crystals were mounted using CryoLoops and then flash-cooled in liquid nitrogen. In case of PotF-D247K
crystals were first transferred into a cryogenic solution made of reservoir solution and 1.7 M malonate
matching the pH of the condition. Data collection at 100 K was done at the beamline BL 14.1 at the
synchrotron BESSY Il, Helmholtz-Zentrum Berlin“. Diffraction data was processed as described in

Kroger et al 2021a & b.
Lysate-based fluorescence assay

Sensor variants were overexpressed in 10 mL autoinduction medium for 18 h at 30°C and 180 rpm.
Afterwards, bacteria were pelleted by centrifugation (20 min, 3500 g, 4°C) and resuspended in 2 mL of
assay buffer (20 mM Tris pH8, 100 mM NaCl). The suspension was transferred to two 1.2 mL tubes of
an eight’s-cluster-strip (biolab products) and 180 - 220 ug of 0.1 mm glass beads (biolab products) were
added. Cells were disrupted by using a bead mill (Bead ruptor, Omni®) 24 at 6 m/s for ten cycles of 30 s
with 1 min breaks between each cycle. Debris and beads were pelleted by centrifugation (20 min,
4800 g, 4°C). 180 L of supernatant was transferred to a Nunclon F96 MicroWell™ black plate and a
first fluorescence intensity measurement (Aex=470/10 nm, Aem = 515/10 nm) was conducted to adjust
the gain for the tested constructs to a fluorescence of roughly 10000 - 20000 units. The detection
method of the reader (Tecan Spark) was set to fluorescence top reading, the gain according to the
initial scan, the excitation and emission as stated before, and the Z-Position to 16800 um. Solutions of
different ligands were prepared in assay buffer. For each well the initial fluorescence intensity was
measured, followed by 10 x 5 pL injections of 100 mM ligand solution using injector pumps. After each
injection, a 2 mm and 150 rpm double orbital shake was conducted for 5 s prior to the measurement.
As a control, buffer was added in an additional well in 10 x 5 pL injections. The measured values were
corrected by the fold-change in fluorescence intensity of the buffer control and the resulting fold
increase in fluorescence intensity was plotted against the ligand concentration to evaluate ligand

binding.
Protein-based fluorescence assay

Plate reader setting and data evaluation were kept consistent with the lysate assay. First, a dilution
series (1:10 - 1:10.000) of the sensor was measured in the respective assay buffer (20 mM Tris pHS,
100 mM NacCl) in a total reaction volume of 180 pL to adjust fluorescence emission to 10000 —20000
fluorescence counts. Fluorescence intensity was measured as triplicates. For each well the initial

fluorescence intensity was measured, followed by 5 x 5 pL injections of 20 mM ligand solution and
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9 x 5 ulL injections of 100 mM ligand solution using injector pumps. After each injection, a 2 mm and
150 rpm double orbital shake was conducted for 5 s prior to the measurement. As a control, buffer

was added in an additional well in 14 x 5 pL injections.
Dose-response assay in E. coli

Plate reader settings and dilutions were kept consistent with the other fluorescence assay. To measure
binding affinities of the final sensor variant, 180 ul of adequate sensor dilution was combined with
20 pl of ligand solutions ranging from 0.01 mM to 500 mM. Reaction mix was incubated for 5 - 10 min
at RT to ensure endpoint measurements. A buffer was chosen that represents HEK cell lysate assay
buffer (10 mM NaCl, 5 mM KCl, 2 mM MgCl,*6H,0, 2 mM CaCl,*2H,0, 10 mM glucose &10 mM HEPES
pH 7.4). Data was normalized to the buffer measurement and fluorescence increase was plotted
against ligand concentration. Data was fitted sigmoidal for a 1:1 binding ratio of sensor and ligand

using the Hill-equation.
Preparation of primary hippocampal cultures

Primary hippocampal neurons were cultured from C57BL/6 mice as described before*’. Hippocampi
were dissected from mice at embryonic day 15-19 (animal license protocol AZ 81-02.04.2020.A100,
LANUV, NRW, Germany), washed with HBSS (Life Technologies), and incubated with 0.025 g/ml trypsin
(Life Technologies) for 20 min at 37°C. After washing with HBSS, DNA was digested using 0.001 g/ml
DNase | (Roche) and the tissue was further dissociated using filter tips. The dissociated cells were
seeded on coverslips coated with Poly-D-lysine (Sigma-Aldrich) in a 24-well plate at a density of 40.000
cells per well. The cells were incubated in Neurobasal Medium supplemented with 2% B-27 and 1 mM
L-glutamine or in Basal Medium Eagle supplemented with 2% B-27, 0.5% glucose, 0.5 mM L-glutamine,

and 1% fetal bovine serum (Thermo Fisher Scientific) at 37°C with 5% CO, until further use.
Recombinant adeno-associated virus (rAAV) production

rAAV of serotype 2/1 were produced as described before®. Briefly, HEK293T cells were transfected
using the calcium-phosphate method with pAAV-Syn-Display-AGMsen and pAAV-Syn-Display-control
sensor together with the adenoviral helper plasmid pFA6, pRV1, and pH21, the latter encoding rep and
cap genes. Cells were harvested 48 hours after transfection and lysed in 0.5% sodium deoxycholate
(Sigma-Aldrich) and 50 units/ml Benzonase endonuclease (Millipore). Viral particles were purified by
HiTrap™ heparin columns (GE Healthcare) and concentrated with Amicon Ultra Centrifugal Filters
(Millipore) to a final volume of 400 pl. An aliquot of the virus was validated on an SDS-polyacrylamide

gel by Coomassie Blue staining.
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Transfection of HEK cells and transduction of hippocampal neurons

HEK293 (CRL-1573) cells were obtained from American Type Culture Collection (ATCC) and grown in
Dulbecco's Modified Eagle Medium (DMEM, Gibco) supplemented with 10% FCS to 90 - 95%
confluency. Cells were transfected with 9.5 ug sensor plasmid per 9 cm petri dish and 0.5 ug per 4 well
plate. Therefore, DNA and polyethyleneimine (PEI, Sigma Aldrich) were mixed in OptiMEM (Gibco) to
a final concentration of 10 ng/ul and 20 ng/ul, respectively. Reaction mix was incubated for 10 min at
RT before adding it to the culture. Prior to that, old media was removed from the culture and replaced
with 4x the volume to the reaction mix of fresh medium containing only 2% serum. Cells were left for

2 days at 37°C and 5% CO; before further experiments to ensure good sensor expression.

For transduction 0.5 - 1 pl of AAV was added directly into BME medium 4 days after isolation and
incubated for 8 - 10 days at 37°C and 5% CO,.

Dose-response assay in HEK lysate

For harvest media was removed, and cells were washed with 1x PBS. Afterwards 1 ml of 1xPBS was
added to the dish, cells were scraped and transferred to 1.5 ml tube. After centrifugation (500g, 5 min,
RT) PBS was removed and replaced with assay buffer (10 mM NacCl, 5 mM KCl, 2 mM MgCl,*6H,0, 2
mM CaCl,*2H,0, 10 mM glucose & 10 mM HEPES pH 7.4) for hypotonic lysis. Cells were incubated for
15 min on ice and sonicated in a water bath for 1x 30 s and 2x 10 s to assist lysis. Afterwards cells were
incubated on ice for 5 min, followed by vortexing thoroughly and another 5 min incubation on ice.
Finally, debris was pelleted by centrifugation (1000 g, 10 min, 4°C) and supernatant was diluted 1:10
for the lysate assay. 180 ul of lysate was transferred to black walled fluorescence plates (Grainer) and
20 pl ligand solutions with concentrations ranging from 0.001 mM to 100 mM were added. Mixture
was incubated for 5 min to ensure endpoint measurements. Plate was transferred to a FluoStar Omega
plate reader (BMG Labtech) and whole well fluorescence was determined as follows: Aex =485,
Aem = 520, Flashes 20, top optics, Gain set to 90% fluorescence in the well with highest AGM

concentration. Data was normalized as described before.
Dose-response assay for HEK displayed sensor

Fist, media was removed, and cells were washed with 1xPBS followed by incubation with 1 ml
1xPBS/EDTA for 15 - 30 min (37°C, 5%C0,) or until cells start to detach. Cells were flushed from the
plate and spun down (500g, 5 min, RT). After discarding the PBS/EDTA solution cells were resuspended
in 1x HBSS (Gibco). Cells were diluted 1:20 and 1.8 ml of the solution was transferred to 2 ml reaction
tube to which either 200 pl buffer or ligand solution ranging from 0.01 mM to 500 mM were added.
Mixture was incubated at RT for 5 min to ensure endpoint measurements. Afterwards it was

transferred to a fluorescence cuvette. Each cell solution was measured in a PTI QuantaMaster
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spectrofluorometer (Horiba) at 20°C and Aex = 488/7.5 nm, Aem = 512/5 nm for 5 seconds under constant
stirring to ensure homogeneity during the measurement. For each concentration the measurements

over 5 s were averaged and data was normalized as described before.

Immunocytochemistry with and without permeabilization

For staining, HEK cells and hippocampal neurons were grown on coverslips in four well or 24 well
plates, respectively. Without permeabilization primary antibody (ab6556 Anti-GFP, Abcam, 1:500) was
added to the medium (DMEM, 10% FCS) and cells were incubated for 30 min at 37°C and 5% CO,
afterwards cells were washed with PBS followed by fixation with 4% paraformaldehyde (PFA, Alfa
Aesar) and another wash. Staining was blocked for 30 min with CT buffer (0.5% Triton X-100, 5%
ChemiBLOCKER in 0.1M NaP pH 7, Sigma Aldrich & Merck) at RT. Secondary antibody (Goat anti-Rabbit
A647 1gG, A21245 Invitrogen 1:500 or 111-604-144 Jackson Immuno 1:400) was added in CT buffer
simultaneously with DAPI (4’, 6-Diamidino-2-Phenyl-indole dihydrochloride, 1:10000) as a DNA
counterstain and cells were incubated for 45 min in the dark. Cells were washed with PBS, and
coverslips were placed face down on microscope slides with a drop Aqua-Poly/mount (Tebu-Bio)
mounting medium being left to harden for 24 h at 4°C. For staining with permeabilization the primary
antibody is added after fixation and blocking with an additional PBS washing step between the
antibodies. Confocal images were recorded with a Leica Sp5 microscope using the 63x magnification
HCX PL APO lambda blue objective. DAPI and AF647 were imaged at 30% laser power with a 488 nm
argon laser and a 633 nm HeNe laser, respectively. Allimaging was performed at the Microscopy facility

of the University Hospital Bonn.

Live cell imaging of neurons expressing the sensor in response to Agmatine

After transduction and expression, the activity of the sensor was analysed using a Zeiss Observer.Z1
widefield microscope equipped with an Axiocam 506 trans imaging device. GFP fluorescence (Aex: 450-
490 nm, Aem: 500-550 nm) was imaged using the 10x magnification LD EC PlanNeoFluor objective. For
the measurements, medium was replaced with 150 pl ES buffer, followed by recording a GFP baseline
for 2 min in 10 s. intervals. Different concentrations of agmatine were added to final concentrations

ranging from (5 uM — 5 mM) in a 1:2 dilution and measurements were continued further for 6 min.

Data Availability:

X-ray coordinates of all solved structures have been deposited at the protein databank with

accession codes: 8ASZ, 8ATO
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Supplementary Information:

Figure S1: Side (A) and back view (B) of PotF to highlight the insertion site of cpGFP. The insertion site is located on the back
side of the binding pocket close to the hinge region. Thereby, an insertion of cpGFP in this region should result in a motion-
sensitive sensor. The Ca of the target residues for splicing overlap extension PCR are shown as dark grey spheres. Putrescine
is shown as green sticks to indicate the position of the binding pocket in relation to the cpGFP insertion region.
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Figure S2: Fluorescence signal upon putrescine addition at different cpGFP insertion sites. All single insertion sites result in
a negative fluorescence signal, with position 332 not responding in general. Only the combination of positions 328 and 332
resulted in the desired gain in fluorescence upon adding 50 — 100 uM of putrescine.
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Figure S3: Example of lysate (A) and purified protein (B) screening assays for the same AGM sensor constructs. Overall, the
fluorescence signal is similar albeit lower in the lysate screening. This representation only shows the maximum fluorescence
gain after the last ligand addition. Protein assays are conducted to confirm lysate screening results and to lower the influence
of possible endogenous biogenic amines from E. coli and other lysate components. S87Y-A182 is the variant that ultimately

became AGMsen.
A. B.

Figure S3: Antibody staining of primary rat hippocampal neurons transduced with pAAV-Syn-Display-AGMsen (A) and the
control sensor (B). Both sensors express in neurons and are located in the outer membrane as confirmed by a-GFP antibody

staining without permeabilization. Nucleus is counterstained with DAPI. Scale bar corresponds to 20 pm.
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Figure S4: Analysis routine for neuronal imaging. All images shown are exemplary outputs of the described steps. Based on
a maximum intensity projection of the tiff stack (A) a region with apparent homogenous minimal signal was chosen manually
(red ROI). For each frame the mean pixel values of the background ROl were calculated and subtracted yielding a background
corrected tiff-stack. On a maximum intensity projection of this stack (B) an adaptive threshold algorithm was used (Matlab
R2022a, “adaptthresh”, threshold setting 0.5, if not indicated differently all functions were used with settings as per default
of R2022a) yielding a normalized map of neighborhood intensities (C). This map was used to binarize the maximum intensity
projection of the background corrected stack yielding initial ROIs for the neuronal cells (“imbinarize”, D). Subsequently, small
regions below 5000 pixels were removed (“bwareaopen”, E), the remaining ROIs were dilated (“dilate”, F) and subsequently
eroded (“erode”, G) with a disk as morphological structuring element with a radius of 4 pixels (approximated with 6 lines,
“strel”) yielding the final ROIs (G). In H the final ROIs are shown overlaying the maximum intensity projection of the
background corrected tiff-stack. All images with scalebars as in A of 100 um. The ROIs were used individually on each tiff-
stack to extract the mean pixel values. Concatenation of mean pixel values yielded the time-trace for a given ROI. For each
experimental condition 10-20 ROIs were analyzed. For each trace the change in fluorescence was calculated by dividing the

mean of three frames after addition (14-16) by the three frames before addition (11-13).
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Figure S5: Time traces of individual ROIs. Type of experiment indicated on top. X axis is frame number. Y axis is fluorescence

intensity (a.u.).
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Table S1: Differences between PotF and PotF/D

PotF PotF/D
Position
Residue Residue
38 Ser Thr
39 Asp Glu
87 Ser Tyr
182 Ala Asp
247 Asp Ser
276 Phe Trp
348 Leu Glu

Table S2: ITC data for all measurements. N/D = Not detectable

Variant Ligand | Kp [uM] AG AH -TAS n
[kcal/mol] | [kcal/mol] | [kcal/mol]

PotF/D AGM 4.0 -7.2 -10.3 3.1 0.90
AGM 0.3 -8.7 -5.8 -2.9 1.0
PUT | N/D - - - -

PotF-S87Y-A182D
SPD N/D - - - -
cDV N/D ; - - ;
AGM | N/D ] ] - ;
PUT | N/D - - - -
PotF-D247K

SPD N/D - - - -
cDV N/D ; - - ;
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Table S3: Affinity from dose-response measurements. Data was fitted by Hill-equation using the fit-o-mat3°. N/D = Not
detectable.

Agmatine Putrescine Spermidine Cadaverine
AGMsen
41+5uM 3.3£0.8mM 297 +£38 uM 7.2+73mM
E. coli purified
Control sensor
8.0+x5.6 mM N/D N/D N/D
E. coli purified
AGMsen
35+2 uM 1.9+0.1 mM 220 £ 10 uM 6.2+2.8mM
HEK lysate
Control sensor
24+08mM N/D N/D N/D
HEK lysate
AGMsen
525+ 60 uM - - -
HEK Display
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Table S4: Crystallographic data and refinement statistics for all solved crystal structures

PotF-S87Y- PotF-S87Y- PotF-
A182D PotF-D247K A182D D247K
PDB ID 8ASZ 8ATO Refinement
Data collection Reflections used in 86267 54717
refinement (8426) (5385)
Wavelength [A] 0.9184 Reflections used for 2099 (205) 2098
Rfree (206)
Resolution range 37.33-1.28 45.55-2.00 R 0.179 0.201
[A] (1.33-1.28) (2.07 - 2.00) work (0.391) (0.306)
0.209 0.243
Space group P212121 P3221 Rtree (0.380) (0.359)
0.970 0.968
Cell parameter CCwork (0.604) (0.587)
o 37.379.1 70.7 70.7 0.970 0.953
a,b,¢ [Al 1133 272.6 CCree (0.676) (0.460)
By [ 90 90 90 90 90 120 Number of non- 3305 5840
hydrogen atoms
Total reflections 628916 602533 macromolecules 2851 >444
(62355) (61804)
Unique reflections | 86290 (8427) 54733 (5385) solvent 378 308
Multiplicity 7.3(7.4) 11.0 (11.5) Protein residues 343 682
Completeness [%] 99.0 (98.0) 99.9 (100.0) RMS bond lengths [A] 0.016 0.003
Mean I/sigma [I] 14.6 (0.6) 11.2 (0.7) RMS bond angles [°] 1.04 0.57
Wilson B-factor 17.9 39.34 Ramachandran favored 97.1 97.4
(%]
No. of molecules Ramachandran allowed 2.9 2.7
per a.u. 1 2 (%]
Matthews Ramachandran outliers 0.0 0.0
coefficient [%]
Rmerge 0.065 (2.904) 0.181 (2.980) Rotamer outliers [%] 1.28 0.7
Rmeas 0.070(3.118) | 0.190(3.120) Clashscore 4.08 4.63
Rpim 0.026 (1.122) 0.057 (0.918) Average B-factor 30.53 45.95
CCi2 1.000 (0.280) 0.999 (0.256) macromolecules 29.23 45.53
cc* 1.000 (0.661) | 1.000 (0.639) solvent 37.71 47.96
Number of TLS groups 1 2
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Table S5: Oligonucleotides used for initial construction of the sensor

cpGFP-PotF331-rev

Type Position / Sequence (5‘-3)
Orientation
CpGFP-POtF327-fwd | GCTGGAGTACAACTTTAACGAAGTCCGTGAGAACCC
CpGFP-PotF327-rev | GGGTTCTCACGGACTTCGTTAAAGTTGTACTCCAGC
POtF-328-cpGFP-fwd | ACGCCGCTGGTGAGTGCGGAAAGCCACAACGTCTATATCATG
POtF-328-cpGFP-rev | CATGATATAGACGTTGTGGCTTTCCGCACTCACCAGCGGCGT
CpGFP-PotF-328-fwd | AAGCTGGAGTACAACTTTAACGTCCGTGAGAACCCAGGTATT
CpGFP-328-PotF-rev | AATACCTGGGTTCTCACGGACGTTAAAGTTGTACTCCAGCTT
POtF329-cpGFP-fwd | CTGGTGAGTGCGGAAGTCAGCCACAACGTCTATATCATG
POtF329-cpGFP-rev | CATGATATAGACGTTGTGGCTGACTTCCGCACTCACCAG
CpGFP-PotF329-fwd | TGGAGTACAACTTTAACCGTGAGAACCCAGGTATTTAT
CpGFP-PotF329-rev | ATAAATACCTGGGTTCTCACGGTTAAAGTTGTACTCCA
N POtF331-cpGFP-fwd | GAAGTCCGTGAGAGCCACAACGTCTATATC
Co':i'jct PotF331-cpGFP-rev | GATATAGACGTTGTGGCTCTCACGGACTTC
design CpGFP-PotF331-fwd | TGGAGTACAACTTTAACAACCCAGGTATTTATCCGCC

GGCGGATAAATACCTGGGTTGTTAAAGTTGTACTCC

PotF-332-cpGFP-fwd

AGTGCGGAAGTCCGTGACAACAGCCACAACGTCTATATCATG

PotF-332-cpGFP-rev

CATGATATAGACGTTGTGGCTGTTGTCACGGACTTCCGCACT

cpGFP-PotF-332-fwd

AAGCTGGAGTACAACTTTAACCCAGGTATTTATCCGCCTGCG

cpGFP-332-PotF-rev

CGCAGGCGGATAAATACCTGGGTTAAAGTTGTACTCCAGCTT

PotF-337-cpGFP-fwd

GAGAACCCAGGTATTTATCCGAGCCACAACGTCTATATCATG

PotF-337-cpGFP-rev

CATGATATAGACGTTGTGGCTCGGATAAATACCTGGGTTCTC

cpGFP-337-potF-fwd

AAGCTGGAGTACAACTTTAACCCTGCGGATGTTCGTGCGAAG

cpGFP-337-potF-rev

CTTCGCACGAACATCCGCAGGGTTAAAGTTGTACTCCAGCTT

potF345cpGFP_fwd

CGTGCGAAGCTGAGCCACAACGTCTATATCATGGC

cpGFPpotF345_ rev

CGTTGTGGCTCAGCTTCGCACGAACATCCGCAGGCGG

Table S6: Oligonucleotides used for cloning and the generation of sensor variants via QuickChange

Type Position / Sequence (5‘-3°)
Orientation
Mutation: forward GGTTCCATCTGCCTACTTTCTGGAGCGCC
S87Y reverse GGCGCTCCAGAAAGTAGGCAGATGGAACC
Mutation: forward CTCTTTCCTGGATGATCCAGAAGAAGTTT
A182D reverse AAACTTCTTCTGGATCATCCAGGAAAGAG
Mutation: forward CGGCTGGGCAGGTAAGGTCTGGCAGGCGT
D247K reverse ACGCCTGCCAGACCTTACCTGCCCAGCCG
Insert_fw CTGGGCCACCATGGCTGAACAAAAAACAC
Gibson Insert_rv GCCCTCTAGATTATTTTCCGCTCTTCAC
pcDNA Vector_fw CGGAAAATAATCTAGAGGGCCCGTTTAAACCC
Vector_rv GTTCAGCCATGGTGGCCCAGCTTGGGTC
oDisplay Insert_fw GGGGCCCAGCCGGCCAGATCTGCTGAACAAAAAACACTCCAC
Insert_rv GACCTGCAGTTTTCCGCTCTTCACTTTGGTCC
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Table S7: Concentrations of protein and ligand solutions used for ITC measurements

Protein Variant Protein concentration Ligand Ligand concentration
[uM] [mM]
210 AGM 2.10
210 PUT 2.10
PotF-S87Y-A182D 510 $PD 510
210 Ccbv 2.10
190 AGM 1.90
190 PUT 1.90
PotF-D247K
© 190 SPD 1.90
190 Ccbv 1.90
PotF/D 442 AGM 4.95
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