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3. Summary

Periplasmic binding proteins (PBPs) are a highly versatile superfamily of proteins that cover a diverse
ALISOGNHzY 2F tA3FLYyRAE Ay o0l OGSHNERENIYR | NDKRA SISO G AdANE
of two i /h-lobes connected by a hinge region wihe 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. PotF9sd  (péatreskited(PUT) PBP and recruits its ligand to the

PotFGHI AB@ransporter 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
thermodynamicallyin silico,and structurally. Results showédw PotF promiscuously binds agmatine

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

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

SPD uptake i&. colis facilitated by PotD, 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 onlyegrreviously 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 BT in several PotF constructs. Furthermore, specific residues that were deemed important
for closure beforeandtheir surrounding were targeted by mutagenesis to enable a full conformational
change in PotF/D as complete closure can improve ligand bint@imgugh 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 impiter& P affinity of PotF/Dand

to generate a versioof 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 gramegative bacteria and has beeargeted 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 shawsnfluence on multiple
neurotransmitter systems. Additionally, it is assumed to be as@active drug with multiple targets.
AGMs specific modes of action and mechanisms are largely unknown and unexplored; therefore, this
thesis presents the developmeof 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 t0 semi

VI
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rationally engineer an AGM specific PotF receptor module as well as-himding control ariant,

which combined with cpGFP resultedthe AGM sensoAGMsen anda control sensor The non
binding control sensoroffers a control when setting up experiments. AGMsen allows fluorescence
tracking of AGM in a neimvasive manner upon ligand bindingside and displayed on HEK cells, as
well as displayed on rat hippocampal neurons. This proves functionality of thdBstE sensor which
paves the way for further engineering and is a first step towards improving the understanding of AGMs

function in the brain.

Vi



Zusammenfassung

4. Zusammenfassung

Die reriplasmatische Bindeproteine (PBPs) sind eiaeiféltige Superfamilie von Proteinen, die ein
breitesSpektrum an Liganden Bakterien und Archaedsindend { A S 6 Sa (i S O&naneh,dza |
die durch eine Scharnierregion verbunden sind. Diese Konstellation wird auch als -"Venus
Fliegenfallen“Architektur bezeichnet wobei sich die Ligandenbindungsstellevischen den
Grendlachen der beiden Doméanen befindetn Losundiegen PBPs vorwiegenth einem offenen
Zustandvor und vollziehenbei Ligandenbindung eine grof3e Konformationsanderung (Schlieung).
PotF ist E.colis Putrescin (PUT) PBP und rekrutiert seinen Liganden an das PotFGHI ABC
Transportersystem, unogdie Aufnahmeon PUT ins Zellinneral ermoglichen. In der higorgelegten
Promotionsarbeit wurden apo PotF und sein Bindungsmechanismus fir andere metabolisch relevante
biogene Amine thermodynamiscin,silicound strukturell untersucht. Die Ergebnissgigen, dass PotF
neben PUT auctAgmatin (AGM), Cadaverin (CDV), Spermidin (SPD) und Spermin (SPM) mit
nanomolaren bis hocmikromolare Affinitaten bindet. SPD und AGd hierbei von besonderem

Interesse flr weitere Untersuchungen.

Die Aufnahmevon SP&rfolgt inE.colidurch PotD, eithomologes Protein zdPotF, welches in seiner
Bindungstasche sieben Unterschiede aufweist. Vor dieser Arbeit wurde eind/&dadRte mit diesen

sieben Mutationen erzeugt (PotB), die eine Veradnderung der Polyaminpraferenz von PUT zu SPD
zeigte. Leider wei PotF/D keine nanomolare Affinitat fir SPD auf, sondern konserviert lediglich die
bereits vorhanden&PDAffinitat vom PotFWildtyp. Des Weitererzeigt die Kristallstruktuwon PotF/D

nach Bindung von SPD eine halbgeschlossene Konformation, die zuvor nur einmal bei der Bindung von
PotF mit SPM beobachtet wurdejnem Ligandender auf Grund seiner GroRRe die vollstandige
Schlielung zu stéren scheint. In dieser Arbeit wurde &mquenzraum fir die sieben
Positionsunterschiede in Bezug auf die Polyaminpraferenz fir SPD und PUT in mehreren PotF
Konstrukten kombinatorisch analysiert. Dartiber hinaus wurden spezifische Reste, die zuvor als wichtig
fur die SchlieBung identifiziert wden, sowie ihre Umgebung durch Mutagenese gezielt verandert, um
eine vollstandigeschlielBungn PotF/D zu ermdglichennd sodie Ligandenaffinitédzu verbessern

Durch eine systematische Analyse der verschiedenen Varianten konnten die Auswirkungen auf die
PUT und SPBPolyaminpréferenz in PotF auf spezifische Reste in der Bindetasche zurtickgefiihrt
werden. Dariber hinaus war es mdglich, die Affinitdt von PotF/D zu SPD zu verbessern und eine
Variantevon PotF zu erzeugen, bei der die urspriingliche Polyanfemgréz (nanomolar fur PUT und
mikromolar fir SPD) umgekehrt ist. Dies smeressante Aspekte fur die medizinische Forschung, da
die SPBAufnahme mit der Pathogenese multiresistenter gramnegativer Bakterien in Verbindung

gebracht wird und Gegenstand vdehandlungsstrategiegegen dieseist. Pathogene, digiber

VIii

gS
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hochgradig anpassungsfahige PBPs wie PotF verfligen, kénnten das PRyE@HI nutzen, um SPD

Aufnahme zu ermdglichen ursb Behandlungsstrategien umgehen.

Im Gegensatz zu SPD ist AGM ein Neurordatolu und beeinflusst verschiedene
Neurotransmittersysteme. Zudem wird angenommen, dass AGM ein-sedbktiver Wirkstoff mit
mehreren molekularen Zielen ist, der Behandlungsstrategien unterstitzen kann. AGMs spezifische
Wirkungsweise und Mechanismen simgkitgehend unbekannt und unerforscht. Daher geht es in
dieser Promotionsarbeit auch um die Entwicklung eines Aiddensors der durdBinbringungeines
zirkular permutierten GFP (cpGFP) in PotF konstruiert wurde. Die gewonnenen Erkenntnisse aus der
PotFWildtyp und der PotF/Estudie wurden kombiniert, um ein AGHpezifisches PotF
Rezeptormodul sowie eine nichindende Kontrollvariante zu entwickellie Kombinatiordiesermit
cpGFPesultiertenim AGMSensor AGMsen uneginem KontrollsensorDer Kontrollsasor kann in
Experimenten als Negativkontrolle fungieren undGMsen ermoglicht die niclmvasive
Fluoreszenzverfolgung von AGM nach Ligandenbindung in und aufZ¢dEK sowie auf
hippocamplenNeuronen der Ratte. Didsestatigtdie Funktionalitat des PBtbasierten Sensors, der
somit einen ersten Schritt zum besseren Verstandnis der Funktion von AGMumnalen System

darstellt.
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5. Introduction

5.1Biomolecular recognition anzkriplasmiebinding proteins

Molecular interactions are tightly regulated and important in all aspects ofTlifey range from being
specifically tailored towards unique partners being verypromisaious Highly specific receptor
interactions are invaluale for crucial processin life i.e., specific neuronal transmissions in the hrain
whereby promiscuity is a feature that allows for the binding of chemically and structurally similar
molecules(Schreiber and Keating, 201MHs enabés quick adaptability and redesthe number of

needal recognition systems to similar stimuli.

In gramnegative bacteria and archaea, the periplasiicding proteins (PBP) are the main
contributor to recognizing different types of solutiesthe periplasm e.g., carbohydratesmino acids,
vitamins, and ioa(Borrok et al., 2009)Interestingly, granpositive bacteria havbomologous extra
cytoplasmic lipoproteins/hich take up the same role as PEBPam and Saier, 1993l these proteins

work hand in hand with ABtEansporter systems: they bind small molecules and escort them to the
transporter(Tam andsaier, 1993; Moussatova et al., 2008here 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 sensii@@uiocto and Ledvina, 1996; Chen et al., 2002)

The superfamily of PBPs displays a large sequéineesityconcomitant withall the different solutes

they recognize. Structurally, P8#&te highly conserved and are divided into class | and class-likeBP

folds. Some famous representatives of class | type PBPs are the ribose binding protein (RBP) and the
promiscuous lysine, arginine, and ornithine binding protein (BAY Nevertheless, the most famous

and weltstudied example of a PBP belongs to classdlis the maltose binding protein (MBP) which

is responsible for the uptake of maltodextrinskncoli (Machtel et al., 2019PBP 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. Clasis Buggestedto have evolved from class | by domain
dislocation while class | is proposed to be the result géaeduplication event ofa flavodoxinlike

folded protein with an ancestral diméntermediate (Figure JFukamiKobayashi et al., 1999)
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Figurel: Proposed evolutionary pathway for PBP$he flavodoxin (Fld)ke 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 FId
precursor enforced by hisl swapping is implicated (E in schematic). Fusion of the duplicated gene copies resultedike PBP

fold I in which the -sheets arrange in the order 5, 4, 3, 1,2 in the lower and 10, 9,8,6,7 in the upper lobe, linking the swapped
helix from the Nterminal half tol ¢ @ -like fotd Il evolved from fold | by domain swapping, which is best portrayed in the
rearrangement of the -4 K S S (1 & ® L yshedts?afe Rrdered 4,10,&,$.2 ih the lower and 9, 5, 8, 6, 7 in the upper lobe
with 10 and 5 originating from the opposite lobes. Figure adapted from Ful(whayashi et al., 1999 and drawith Affinity

Designer (Serif EuropédL 1987).

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

binding. The binding of small molecules takes place at the hinge region of the protein which is located
0SG6SSy Gg2 1 kh 20 Simably in gn oped Catddrimatioh, and. upan lighnB LI
encounter the lobes close, burying the ligand inside the protein. This motion sequence combined with
the overall structure is often described as a vefiygap architecture because of the clear similaritie

of ligand binding in PBPs and insect catching in the carnivorouspiamea muscipula

The specific mechanism of PBPs changing from open to closed conformation has been studied
extensively. NMR experiments show that ad&8P undergoes a rapid excharggween a major open
(95%) and a minor closed form (5%) on a mtornanosecond timescale in soluti¢hang et al., @07).

This raises the questions how ligand binding in PBPs can be modelle@bestr et al. 2011 used
accelerated molecular dynansisimulations toanalyze conformational selection, induced fit and a
mixed model. Conformational selection is basedtbe presence of both conformations (open and
closed) of the PBP in solution and the ligand choasiaglosed 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 PIBEerestingly, a mixed model based on a
previously samied semiclosed conformation of MBRBucher et al., 2011also seems plausible. In
this modelthe proteinwould exchange between an open andens-closed form, with the latter being
favored for ligand encounter, followed by a complete closure like in the induced fit niBdeher et

al., 2011b)

Thelarge conformational change of the PBP structure allows for the formation of new interaction
surfaces and is the driving force for AB&hsporter 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 solvesixcluded, low dielectric protein interior Gded) 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 @BB&r and Hellinga, 2004 addition

to all ofthis, PBPshare an evolutionary relationship with the ligand binding domains of ionotropic
glutamate andGABA‘(-aminobutyric acidlreceptors(Felder et al., 1999; Lee et al., 20@®lich makes

them an interesting target for neuroscientific research as well.

5.2The periplasmibinding protein PotF and putrescine uptake indi.

A special representative of class Il PBPs haddcus of this doctoral thesisiEscherichia cd& (Ecoli)
putrescine (PUT) binding protein PotFis 370 amino acids in length which corresponds to a size of
around 41kDa with the first 26 Nterminal residues making up the periplasmic export signal peptide.
PotF constitutes the first element in the multicomponent PotFGHI uptake system for the cationic
polyamine PUTThe operon for this transport system i coliwas firstmapped in 1993Pistocchi et

al., 1993)and further analysis identified a nucleotide binding sequence in the membrane associated
PotG and membrane spanning segments in PotH and Ragkther these proteins constitute the PUT
transporter, with PotH and Potl spanning the inner membrane and PotG working as tHendjirfg
cassette (ABCFigure 2C)The first crystal structure of PotF was solvedMagsylyev et al. in 1998
confirming he periplasmic binding protein architectu(gigure 2A)PotF displayan ellipsoid shape
consisting of two globulaiobeseachcomposed ofa five-d (i NI Yy R S R-shéeBayidsinNil-hélices
(bottom lobe, Nterminus)or eighth -heliceg(top lobe, Germinus). In thecenterof the molecule these

two lobesl NB f Ay {1 SR 0 &-strandLrefdrrgfl loras Hinhd régipfBatsylyev et al., 1998)

with the PUTbinding site being located at the interface of the two lobes.

Prior to PotF, its homologoymsotein PotD has been structurally characteriZ&digiyama et al., 1996)

As is common for PBPs, PotD shows a low sequence ide&88#y; (Sugiyama et al., 1998)t a high
structural similaity (Figure2B)to PotF which even made it possible to graft the binding pdakePotD

onto PotF(Scheib et al., 2014Moreover, 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 uptakeystem PotABCD, with PotA being a homologue to the ABC PotG and PotH & |
homologuedo PotB &C, respectively with sequence identities ranging from 3@286.Furthermore,

it has been shown that PotD can bind R&shiwagi et al., 19938nd thus the PotABCD system can
facilitate PUT uptake as w¢Kashiwagi et al., 1991Additionally, another PUT uptake protein PuuP

has been reportd (Terui et al., 2014)This proteinmports PUT for its utilization as an energy source

in the absence of glucose while the PotFGHI systemmdre involved in maintaining optimal

concentrationsof PUT for cell growth in the presence of glucose as an energy source.
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ATP ADP + Pi

Figure2: Crystal structure of PotF (A) and PotD (B) as well as the schematic representation of the PotFGHhiptakEr

system inE.coli. PotF A; PDB: 1A99) and PotB; 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 tastwmis are

shown in gray, loops in red afidhelices 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 PyMOLMolecular Graphics System, Version 2.0 Schrédinger,. i@ )PotFGHI Puiptake
machinery ¢) 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 functemghe ABC. Schematic was drawn with Affinity Designer (Serif Europe
Ltd. 1987).

5.3Biogenic amines: synthesis, function, and metabolism

PUT and SPD are the main polyarsinebacteria and over the years multiple horand orthologs to

the biogenic amia uptakes systems of PotF and PotD have been reported in a multitude of different
bacterial straingMachius et al., 2007; Brandt et al., 2010his illustrates the importance of biogenic
aminesasthey play a central role in nucleic acid and protein biosynthesis as well as in protiferati
andtherefore, cell growth(Tabor and Tabor, 1984; Pegg, 1988; Igarashi and Kashiwagi, IpED&)pli
PUT, cadaverine (CDV) and agmatine (AGM) can be generated by the decarboxylation of the amino
acids ornithine (Orn), Lys and Arg, respectiyelgure3). Besides its direct formation from Orn by the
ornithine decarboxylase (ODGpe(, PUT can be genert from Arg in two steps. First, Arg is
decarboxylated to AGM by arginine decarboxylase (APEA followed by the removal of urea by
agmatinasegpebB, producing PUTFigure3).

Two further exceptions are SPD and spermine (SPM), which are synthesitleel 8D synthase
(speB. The SPD synthase converts PUT into SPD by transferring a propylamine group from
Sadenosylmethioninamine (SAMamine) to P{Figure 3) This newly formed SPD can be further used

as a substrate to which the transfer of another pytamine group from a SAMamine can occur to form
SPM(Bowman et al., 1973All these polycations can function as neutralizing charges on nuclei¢ acids
they stabilize membranes or stimulate Ri&lymerases and some ribosomal proteiffraham,

1968; Tabor and Tabor, 1985; Huang et al., 19@}thermore, intracellular osmotic and ionic strength

can be regulated and stabilized in accordance to changing condityoascreting PUT rapidly from the

cell(Munro et al., 1972)
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NH, NH,
H
HO N NH, HO
NH,
o L-Arginine v 0 L-Lysine
NH;
+H+ | Arginine "o +H+ | Lysine
-CO:| decarboxylase (speA) NH, -c0:| decarboxylase (idcC)
a 0 L-Ornithine
PN AN NH, HzN/\/\/\NHz
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’ +H+ | Omithine Cadaverine

Agmatine NH -C0:| decarboxylase (speC)

+H0
-Urea /\/\/NH2
Agmatinase (speB FaN
g (spek) ’ Putrescine

+S-adenosylmethioninamine
-S-methyl-5'thioadenosine
H*

H

N ,

Spermidine synthase (speE) HZN/\/\/ \/\/NHi
Spermidine

+S-adenosylmethioninamine
-S-methyl-5'thioadenosine

H
HzN\/\E/\/\/N\/\/ NH, -H*

. Spermidine synthase (speE)
Spermine

Figure3: Biogenic amine metabolism in Eoli. 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 transferringydgmine group from-&denosylmethioninamine
onto it. In the same fashion spermine (SPM) can be generated from SEPollboth reactions are catalyzed by the SPD
synthase MarvinSketchwas used for drawing chemical structures, Mart®27.0, 2019CtemAxor) 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 oalyhatipnic properties,

like nucleic acid or protein interaction, are the same ikayotes and hence polyamines influence
replication, protein synthesis and regulate cell differentiation or apopt@igiarashi and Kashiwagi,
2010) Depletion of intracellular SPD and SPM levels by overexpression of the catabolic enzyme
spermidine/spermineN!-acetyltransferase 1 (SAT1) even leads to an arrest in protein synthesis
(translation) and growth in mammalian celidandal et al., 2013)Jnfortunately,being involved in all
these important regulatory processes makes polyamines a big contributor in tumorigenesis as well
(Gerner and Meyskens, 2004 heir presence and metabolism are often apd dysregulated in cancer
cells(Soda, 2011; Casero et al., 201B)erefore, polyamines have become the target of chemotherapy
and chemopreventioiRial et al., 2009s 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 leaiel pathogenesis

PotF displays a 7.3 pM affinity for SBBd with the mentioned possibility to graft PotDs binding pocket
onto PotF(Scheib et al., 2014¢onsidering SPD as a natural PotF ligand is highly impor&intilar
results regarding PUT and SPD binding have been observedsfuective homologs SpuD (PotF,
sequence identity: 57.8%) and SpuE (PotD, sequence identity: 34P6pidlomonas aeroguinosa
(P.aeroguinosa Wu et al., 2012)Wu et al. altered the exclusive SPD binding protein SpuE by
exchanging'rp71 of the binding pocket to Phe, making space for an important water molecule, which
seems to originally promote PUT binding in SpuD. This resulted in a SpuE variant, which exhibits a
1.12>M affinity for PUT. In addition, the reverse mutationRifessto Trpin SpuE lowered the PUT
affinity by 256fold 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 residuat position271 (SpuExnd correspondingposition 273 (SpuDjor polyamine
specificity. These findings indicate that PotF and PotD as well as their homologs can fulfill their
NB a LIS O (i A @ Swhiehican ddrther dhiBaihcdd by jusingle point mutations. This can be of
great importance when looking at pathogenic bacteria. Pots identified as a potential virulence
factor in Streptococcus pneumonid8. pneumonidesince a PotD deficienp (LJ2) imBusevirulent

strain showed a clear attenuation in virulence within models of systemic and pulmonary infection
independent of the inoculation route or locatiofWare et al., 2006)Furthermore, PotD was
successfully applied as an immunization agahgineumoniaafection in mice where thenmunized
animals showed a 91.7% survival rate upon a lethal pneumococcal challenge compared to a 100%
mortality rate in the control grougShah and Swiatlo, 2006)lonetheless, the study on the LJ2 (i 5
strain showed wd type like growth upon exogenous PUT or SPD addititwich hints at another
polyamine transport system for SPDSnpneumoniaéWVare et al., 2006dnd 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 sfEES&&houet al.,

2007) T3SS aresed by pathogens to deliver bacterial effector proteins into eukaryotic host cells
(Ghosh, 204) and, hence, play an essential role in in pathogenesis of multidrsigtant gram
negative bacterigFelise et al., 2008; Keyser et al., 200)ou et alshowed that mutations in the
major SPD uptake systespuDEFGHecrease the transcription of most T3SS gend agroguinosa
significantly. It is not surprising that therefore, the @gsof a SpuE antibody to prevent SPD transport
attenuates virulence and ultimately weake®.aeroguinosainfections (Zhang et al., 2019)The
potential of PotF and its relativede be able to facilitate SPD besides PUT uptake can makeaotF
reasonable target for treatments. In addition, PUT uptake has also been shown to influence virulence

gene expession in the intestinal pathogedhigella flexnel(S. flexneriDurand and Bjork, 2003)
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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 clas®f biogenic amines are the neurotransmittezsy., serotonin, histamine and the three
catecholamines dopamine, epinephrine (adrenaline), and norepinephrine (noradrenaline). These
neurotransmitters are also synthesized from amino acids: Serotonin is baskghdristamine orHis

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

synaptic vesicles, accumulated by uptake, and released upon depolarization is(R&dland
Regunatilan, 2000 ! yF2 Nlidzyl 6 St e y2 ! Da &aLISOATAO LRaGagy
system has been identified by now, labeling it a neuromodulator anttazsmitter instead of a

GOt aairdé vy SikNBNsNdwsaa ivfluahnde SriNditiple molecular targets that include
neurotransmitter systems like nicotinic, imidazolinehd bZ »-gdrenergic, glutamate NMDAR, and

serotonin 5HT2A and 5H3 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,Ma Aada KeLROKS&AT SR (2 -sefctive dragitAnulfiplettargats 2 G 3 dzy -
that can lead to more effective treatmen(Roth et al., 2004; Piletz et al., 2013}GM has shown
antidepressandike effects (Zomkowski et al., 2002; Chen et al., 20B8)d improves cognitive
ReaFdzyOliAzy Ay (Sdnd & &4 0$4rthermiad, i Sffers Hrotection against
schizophrenia by influencing the dopaminergic signalinthe brain (Kotagale et al., 2012nd has

beneficial effects against multiple sclero@iinkovic et al., 2015)

Compared to the other biogenic amine neurotransmigeAGM is a precursor to PUT in metibm
(Figure3). Therefore, their structures are highly similar: they share the saamihobutane core, with

AGM carrying a guanidine as a functional group at carbon atom four as opposed to the amino group
of PUT Figure3). This similarity could allowoBF 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-ggemlfic binding.

With AGM being gotential 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 AGMn terms of spatiotemporal localization or molecular mectigmsin vivoin non
invasive experimental setps.Most of these biosensors consist of proteins that are either chemically
modified or genetically coupled to a fluorescent reporfErommer et al., 2009; Tainaka et al., 2010)
Another type ofsensor are transcription factors that initiate the biosynthesis of downstream reporter
genes upon ligand bindin@inder et al., 2012)Generally, a fluorescent signal is triggered by all these

sensor classes after binding their respective target molecule. For BRBP$otF, the sensor
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construction focuses orhe drastic conformational closure in the receptor modiniduced 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 disovery of the naturally fluorescent protein GFP dates back to 1962, where it was found in
Aequorea victorigA. victorig by Osamu Shimomuk&himomura et al., 1962; Shimomura, 200%

primary sequence was first isolated and sequenced in ®9asher et al., 1992nd it has been

applied for laboratory use i.e., as a marker for gene expressigr sincgChalfieet al., 1994) The
ONEBadGlf adNUzOGdzZNE 2F DCt aK2ga GKIFG (GKSbameby | YAY
O2yaraitAiy3da 2F wmm &l NIhgiRE&EiguisKOrmio etaldiNgeRhdryneudds th© Sy (i NI
fluorophore formed byspontaneous cyclization and oxidation tfie sequenceSegs-TYlksGlys

(Figured).
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Figure4: Chromophore formation in GFRAfter correct folding of the protein, cyclization ocsualue toa nucleophilic attack

of the amidelectron pair from Glysto the carbonyl group of Sgr This is followed by a dehydration and oxidation step to
form a0 2 y 2 dz3dysfeSnkhich is linked tahe functional phenol groupf Tyss® ¢ KA & Systéns iy tReSnkature
chromophore andesponsible for the fluorescence of GRRarvinSketchwas used for drawing chemical structures, Marvin
19.27.0, 2019ChemAxohandschematic was drawn with Affinity Designer (Serif Europe Ltd. 1987).

After folding of the protein, chromophore maturation @as rapidly with residueSees and Glys?

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

the amid electron pair from Glyto the carbonyl group ofSees. The hemiaminal undergoes
dehydrationandanaminal is formed in the now monosaturated fivieg. Through oxidatin at ¢ and

cof Tyge (GKS ySgtée F2NN¥SR R2d2ofS 062y R asfstei e FTA DS |
Fdzy Ol A2yl f LIKSy 2 f SheRemizlisbalsat Balled theésHydioRyyerAIRene”
imidazolhone chromophore and is responsible for the visible absorbance and fluorescence of GFP

(Cubitt et al., 1995)The order in which dehydration and oxidation ochas not beenlly clarified

8
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yet, but it has been proposed that under highly aerdbigitro conditions, the dominant reaction path
follows a gclizationoxidatiornrdehydration mechanisn{Zhang et al., 2008)hile in the originally
proposed mechanism dehydration immediately occurs after ring closure as shown in fifDuodbit
et al., 1995)

The fluorescence properties of GFP have beegineeredsince the start of its characterization. The
first major improvement of GFP was the exchanfi&egs to Thr, leading to enhancefluorescence

and photostability. Furthermore, this mutation shifted the major excitation peak torf8with the
emission pak maintainedat 509nm (Heim et al., 1995making it more convenient to use in a
laboratory setup than the wild type GFP which displays two excitation peaks at 395 anahd. 7
addition to S65Ta mutation of Phesto Leuwas discovered, improving folding stability at 37°C and
thereby allowing application of GFP in mammalian cell cul{@ermack et al., 1996Moreover,
exchanging one residue adjacent to the chromophore fBhresults in significantly reghifted
excitation and emission maxinf@rmo et al., 1996)Therefore, GFP is the progenitor of a whole range
of fluorescent proteins (FPwith different spectroscopic properties and a vast variety of hues of which
most can be found in the fluorescent protein data base FPHammbert, 2019)Still, all FPs share the

a I Y Sarrel architecture since the entire structure is essential for fluorescence development and
maintenance(Remingon, 2006; Kremers et al., 2011n 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 protei(Kremers et al., 2011)This is important since the
fluorescence is highly dependent dine 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 propefiiemmers et al., 2011)

Another unique GFP is the circularly permuted version cpE§i€5; Bairdet al., 1999). For circular
permutation, the original termini of GFP were connected by a GGTGGS linker while new termini were
ONBI 4GSR 0SG6SSyYy NBaARZS LI sthaadbfzhg ériginanbarrelBajfdRet m n p
al. observedthat 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 vaghopGFP 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@antent in mammalian celi®aird et al., 1999)

Ay
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Figure5: GFP fromA. Victoria(left, PDB: 1IEMA) and cpGFifght, extracted from PDB: 30SQh GFP Nand Gtermini 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 sderbe 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 cafteuelicesk y Rshéets 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 tRekirrel.
structures were drawn with PyMTLhe PyMOMolecular Graphics System, Version 2.0 Schrodinger,diiddmodifications

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 ealyues engineered superfolder GFP (sf@€Belacq et al., 2008)hich
shows improved tolerance of circular permutation, greater resistanceh&mical denaturats and
improved folding kineticsCombining the properties of sfand cpGFP, a superfolder circularly
permuted GFP (sfcpGFP) offers perfect attributes to be used as an effector module-frmdeBP
biosensor engineering. The superfolder mutations will ke 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 ganof different hues with unique photophysical properties spanning
the whole spectrum of visible light by ranging from neéiraviolet to nearinfrared (Tomosugi et al.,
2009; Shcherbakova and Verkhusha, 2013; Rodriguez et al.,. 20§ was possible by discovering
new variants in species other thah victoriaand further expandingthem via protein engineering.
Fluorescence is a rapid process on a nanosecond scale, all while being spatially preeisemigkion
wavelength smallethan 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 method4Greenwald 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
sengng 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. Thésbieen used for the creation of two main
classes of genetically encoded biosensors, which are either based on Férster resonance energy transfer
(FRET) between two FPs or on allosteric modulation of fluorescence simgi@a FPNasu 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 shiftedCiruela, 2008)This energy transfer is highly dependent on the donor acckeptor

dipole moment and distance with an invers&-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 proximi <10nm and that their dipoles are arrangend
parallelupon ligand binding. The most famous FiRETpair are CFP (cyan fluorescent protein) and YFP
(yellow fluorescent protein), where CFP gaixcited by blue light (436m) and emits cyan
fluorescencewhich in return can excite YFP, resulting in emission of yellow fluorescence. Energy
transfer efficiency and FRET ratio can then be calculatedraw conclusions about bindingnd
detectionevents. Recently, a FREibsensor for the visualization tiie central plant hormone auxin

has been engineered thatlows the direct und dynamic measurementaafxinin different stages of

the development of theplant at subcellular resolutiorshowingthe robustness and potential of this

approach for engineeringersors(Herud{ A {1 A YA O Sl Ff ®X HAHMD

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, 2009fhe FPs in a FRET pair can also show differences in
photobleaching rates which can influee data analysigPiston and Kremers, 2007Additionally,
different types of light are absorbed and scattered differently in tis3hés can influence the results

of the observed emission ratios as a function of tissue déptiffi et al., 2018; Nasu et al., 202Lhese
problems are not present in single FP biosensors. Nasu et al., describe them as endriendly but

more difficult to engineer and less appropriate for quantitative imaging, however this does not affect
neuroscientific sensing aspects much because ofather-none nature of neuronal signaling, which
reducesthe need for quantitative mesurements Furthermore, with highhroughput screening
methods like microfluidics coupled to rapid fluorescence sorting systems being more easily accessible
and computational prediction tools getting more powerful each y@an and Kuhiman, 2006; Leman

et al., 2020; Jumper et al., 202the difficulties for engineering become less and less prominent. In

recent years, sesors for neuronal compounds have been designed und successfully applied in
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different experimental setips, thereby tracking some of the most important neurotransmitters e.g.,
Glu (Marvin et al., 2013)GABAMarvin et al., 2019)serotonin(Unger et al., 2020)and dopamine
(Patriarchi et al., 2018; Sun et al., 2028)ong different species. In the case of dopamine, the sensor
is based on a@rotein-coupled receptor (GPCR) sensifignain fused to cpGFP, whexgthe others

are based on PBP sensing domains. The GABA sensor iGABAsnFR can detect fluorescenda increases
vivoin mice and zebrafisfMarvin et al., 2019)while Glu sensor iGlusnFR has been used for imaging
in the mouse retina andh vivoGlu signaling irCaenorhabditis elegan€. elegans(Marvin et al.,
2013) Furthermore, iGlusnFR has been extensively engineered in terms of affinity, stability, and
differently cdored emission profilegMarvin et al., 2018)Iin addition to neurotransmitters, MBP has
already been turned into a maltose sensor in 2011 proving the functionality of &% 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 donerfother PBPs before. PotF offers a large variety of possible polyamine
ligands that can provide interesting targets among multiple fields of reseRtdh.and CD&&n occur

in food as a product of fermentation or putrefactiaf tissue(Silla Santos, 1996As mentioned
previously, polyamines are usedbiomarkers for tumoiprogression in spefic cancer typegCasero

et al., 2018)and PotF could provide the perfect framework for engineering biosensors with desired
propertiesto assist in clinical polyamine researétinally, AGM a lesser known and more unexplored
neuromodulator, makes an interesting biosensor targesolve unanswered questions regarding its
neurological mechanism$he PBPs motion upon closure could be transmitted to cplB&S altering

the surraundings of the chromophorand resulting in a signal change (Figeyevhen binding the
desired moleculdLorimier et al., 2002; Nasu et al., 202This is possibleecause the permutation

site in cpGFP is where the chromophorel@asest to the i -barrel shel(Nasu et al., 20219nd 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

Figure6: Depiction of aPBRbased cpGFP biosensdrinking cpGFP to a conformationally responsive region of theedR®BP (

PotF) can yield a functional biosensor construct. Upon ligand binding and domain closure the conformational change would
be transmitted to pGFP, affecting the chromophore (white star), and ideally result in a gain in fluores&shesnatic was
drawnwith Affinity Designer (Serif Europe Ltd. 1987)
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The closing of the PBP can then alter proximity between linkers and nearby cpGFP sidecki#its pos
resulting in a change in water structuring in the opening, leading to a shtfierchromophore
protonation equilibriumas observed in the MBP sengbtarvin et al., 2011)In detail this refers to the
protonation of the functional phenol group dfyrs which is in equilibrium with its deprotonated
phenolate. Opening the GFP through permutation and inserting a receptor domain at this specific
position exposes thphenolate) moiety ofTyfks enabling thepK, to become more susceptible to its
local surrounlings(Nasu et al., 2021)n the case of GRRe phenol form absorbs shortavavelength

light and is less fluoresceand the phenolate form absorbs long&ravelength light and is typically

the brighter fluorescent statevhich ideally presents the ligand iod state of the sensor (Figué.
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6. Synopsis
The objective of this doctoral thesis isgaininsights 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. Furthermane, aim is toinvestigate how to switch bindg
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 #gsoperties of a proteimightimpact medical
research in the future. Lastlthe knowledge was applied tBotF in the framework of a fluorescent

biosensor to create a todhat can visualize the neuromodulator agmatine (AGiWYiva

In manuscript one, @ 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) showedtsuikaffinity to the

protein in the nanomolar to micromolaange (Figur€).

/\/\/NHZ
H,N K,: 68 nM

Putrescine (PUT)

HZN/\/\/\NHQ K,: 1.95 uM

Cadaverine (CDV)
H

N
HZN/\/\/ SN K 2071 pm
Spermidine (SPD)
H
N
HQN\/\N/\/\/ NN K, 42,69 pM
H
Spermine (SPM) M

AN N
H,N K :0.22 IJM

Agmatine (AGM)
NH

Figure7: Structure and affinity as measured by ITC for all tested ligandinity decreases with increasing size of the
molecules. Oneexception 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 byMe®WhSketchwas used for
drawing chemical structuredvlarvin 19.27.0, 2019ChemAxohand schematic was created with Affinity Designer (Serif
Europe Ltd. 1987).

Generally, the affinity decreased withe size of the ligands from PUT to CDV, to SPD, to; SPM
however, AGM showed the second highest affinity, raglbetween PUT and CDV. This was surprising
since AGMslonger than CDV and possessebulkier guanidinendgroup in comparison to all other
ligandswith only simple amines. To address this anomaly in our dataset we solved crystal structures
of all Pofligand complexes to analyse differeisda the binding mode®f the ligandsand identify
important interaction residues. We observed that the primary amine binding sites in the pocket are
crucial for ligand interactions. All moleculeimd 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, leadig to somewhat strained conformations of the ligands. AGM on the other hand was
able to perfectly placéhe intramolecular guanidino nitrogen in the distal amine pocket, with the rest
of the guanidine group being additionally coordinated in the distal parthe pocket. This nearly
perfect mimic ofthe 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 ¢atropically 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. Sincenvedéeules
seemed to mediate an important role for ligand binding and thermodynamics, we stiwethore
crystal structures, an open and a closed dpon of PotF. The closed apo form revealed a tightly
coordinated water network in the pocketyhose positions could be directly mapped to ligand
molecules thereby acting as a blueprint for possiblenliiglacements The open apo structuren the

other handillustrated thelargemotion between open and closed conformation of PBR®restingly

when comparing all the structures we observed a selmsed conformation for the PoiEPM
complex.Binding ofthe largest ligandSPM prevented complete closuref the proteinby disrupting

two salt bridges on either side of thbinding pocket. To improve our understanding ttie
conformationsPotF can adopin the presence and absence of ligands we used thesdotvystal
structures as inpufor molecular dynamig(MD) simulations. The apo PotF simulations resulted in four
main stateswhich increase in order of their opening and exchanged at different rates towards the

most populated onegFigure8).

g-¢-¢

PotF: State 4 (11.8%) PotF: State 3 (45%) PotF: State 2 (39.5%) PotF: State 1 (3.7%)
(extended opening) (open) (transition) (closed)

Figure8: Schematic representation othe simulated behaviourof apo PotF in solutionAs expected, thenost 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 setond mo
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 toSthaenatic was created with
Affinity Designer (Serif Europe Ltd. 1987).

Thehighestpopulated state resembles the open apo structure the most. The least populated states
were a transient more open stat&fate 4 and the fully closed stateS{ate 3, which resembésthe
crystal structuresin the closed form The second most populated statStéte 3 comprised of

conformationsbetween open and closed. Projection of the bound ensembles after ligand addition to
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the simulation showed thathe PUT, AGM and CD¥fates reflectthe conformation ofthe 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 analysthe behaviourof PotFin solution.We measured initiatH->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 PUBinding CDV and AGM addition were the most similar, again, but
SPD addition led to less pronounced shifts while SRideven closeto 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 thatrgfer one particular state in the solvedray structures, with only

large changes being shown, as it is the case for the more operSPdFoound structure.

In the second manuscript we aimedreveal determinants fopolyamine preference for PUT and SPD

in PotF. We followed up on a prior stully Scheib et al.where the differen residuesin the binding

pocket of PotD, m SPD binding homolog of Potiere grafted onto PotF. These seven mutations
created PotF/D, a PotF variattitat did not bind PUT anymerwhile conservinghe moderateSPD

affinity of the wild type. First, we looked at the different mutations and grediphem irto proximal

(Prox; T38S, E39D & D247S), distal (Dist; S87Y, A182D & L348Q) and aromatic box (Abox; F276W)
residues of the pockdFigure9).

A

: W\ .
proximal aromatic box distal proximal aromatic box distal

Figure9: Representatiornof the binding pocket of PotF in complex with PUT (A; PDB 6YEO) and PotF/D in complex with SPD
(B; PDB 70YZJhesecondary structure of PotF and PotF/D is displayed in blue anctgrmon, respectively. The ligands
PUT (green) and SPD (salmon) as well as targeted resilu#adl and their respective exchange® black are shown as
sticks. The description under both binding pockets shows the location of the proximal andetjgialas well as the aromatic
box.Proteinstructures were drawn with PyMQLhe PyMOL Molecular Graphics System, Version 2.0 Schrédingeand_C.)
figure was createdavith 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 Rinding variant for PUT and SPD, while the Dist cluster
displayed a low affinity for SPD only. Furthermore, @@mbired Abox with Prox and Digb create
Abox_Prox and Abox_Disthe disadvantageous effect of the Prox mutations also led to no PUT and
SPD binding in Abox_Prox, while Abox_Dist showetbll 3mprovement for selective SPD binding in

comparison to BtF/D.We combined all single Dist mutations with Abox, to characterize the specific
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effects of the distal mutations. Abox_A182D showrgllargest swap of polyamine preference for PUT
(decrease 1204old) and SPD (increased-fdd), while the L348Q caring variant displays the same
trend but less pronounced. Abox_S87Y was the only mutation displaying negative effects on both

polyamineaffinitieswhen compared to the Abox mutation alone.

Another feature observed in PotF/D was a partially open conformatidts crystal structure. We only
observed this feature onether time, when analysing SPM binding in PitBur previous studySPM
seemed to interfere with closure by disrupting important salt bridges {A&ppss & Arghi-Gluiss)
flanking the bindingpocket. Therefore, we closely analysed these salt bridges and their surroundings
in PotF/D and tried to fix the closing mechanism. In the initial PotF/By Asis exchanged to Glu, this
still allowed for salt bridge formation, but we reverted this to thiginal Asp to introduce possible
wild type-like closure. Furthermore, the distal mutation S&howed dflipped side chairoutside the
pocket and disrupted AsgGluss Consequently, wehanged residues ihe proximity to S87Y to allow

it to flip backinside the pocket, in order to stay true to the initial design and enable Hk¢DSPD
coordination.We alsoreverted S87Y to allow salt bridge formation and introduced a Tyr in a nearby
position to create a distal Tyr for SPD coordination. All constiongisoved SPD affinity in PotF/D but

to our surprise none showed a fully closed conformation in their respective crystal struchagge

went back to the initial dataset we obtained from our combinatorial binding pocket analysis and the
non-binding Proxconstructs seerad to mostinterfere with binding and possibly closure. We already
reverted D39E and deemed S38T as less of an influnce the general property of the residue was
maintained. The most interesting exchange was D2&6i& hadidentifiedthis Asp as one of the first
responders to ligand binding in PotF in our first manuscript. Therefaappitas highly important for

the binding mechanism and, hence, we reverted tesduein all our previously generated constructs
and in PotF/D itselfThe reversion alonalreadyimproved the SPD affinity comparable to the other
constructs, but it did not lead to full closure. In our other variattie change back to Asp combined
with the re-establishment of the salt bridges led tioe highest affiniy 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 revereigimal

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

Overall,thesetwo studies enable a more detailed understanding of the binding mechanisms in PotF.
The resuls 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 pintptiie prerequisites for
complete closure to salt bridges and the key carb&warbouring proximal residue D24&s fixing each

component by itself did not lead to complete closure in PotF/D.
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The combined insights df silicoanalysis paired with robust biochemical and structural data can
further serve as an evaluation benchmark in software development for ligand docking and protein
design thatmight ultimately lead to improved design pipelines. An understanding of thermodinam
driving forces, including both solvent and molecular determinants, as weflelements outside the
binding pocket like salt bridges is cruciEthese arémportant vantage poirgfor protein engineering.
Furthermore, the adaptability of polyamine tigport proteins like PotF is important for medical
research when looking at pathogenic bacteria. SPD uptake is linked to the expression of type Il
secretion system(T3SSZhou et al., 2007 which play an important role in pathogenesis of mdtig
resstant bacteria(Felise et al., 2008; Keyser et al., 2008) analysed the csewation rate of
important binding pocket residues in 250 homand orthologs of PotF and found a much lower
conservation throughout the distal residues, which are importaniidiate polyamine preference.

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

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

that only target one uptakeystem in the future.

In the draft for the third manuscript, weengineered PotF into a fluorescent biosensor for the
neuromodulator AGM. Here, wasedour knowledgeof the binding mechanisrfrom the two prior
studies tochange the binding preference of Pdifwards AGM. We basedour approachon the
observation that AGMnimics thebinding modeof PUT which alowed for a high initial affinity and
exploited polyamine preference mediating properties of the distasiduesin conjunctionwith the
coordinaion of the unique AGM guanidino moiety in this regionfo 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 enigigead the possibility to track

AGM in a nofinvasive mannem vivoin 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. Additionyy, 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 S&Doibaanalysing
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 AGMs&d an affinity

for AGM of38uM and a dynamic ranggmax. nF/k) of 3.0 in fluorescencébased doseesponse
assaysOther biogenic amines like SPD, PUT and CDV displayetu&s 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 ingjnificant residual interaction with AGM displayingz=o0K2.4mM. ITC measurements for

the PotF receptor modules of both constructs confirmed no binding in the control sensor and selective
AGM binding (K=0.3uM) for the final sensor. The difference aten the determined kvalues by

ITC of the PotF receptor module and fluorescehased doseesponse assays of AGMsen are most
likely attributable to sfcpGFP adding strain to a movement sensitive region of PotF in the sensor

construct.

Furthermore, we imoduced 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 dispt&ysor. The
measured affinities in HEK lysate matched the results of sensor purifiedEroati confirming no
influence of eukaryotic specific factors e.g., glycosylation on sensor performance. The AGM affinity of
HEK displayed AGMsen was lower (AR5 compared to the lysate assay (@®). 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 quantfiable signal and further tested our displayed sensor in primary rat hippocampal neuron
culture. Neurons transduced with an adeassociated virus (AAV) vector, which places the sensor
gene under the control of a synapsin promotor, showed good expressidmembrane localization

after eight to ten days. We added AGM in different concentrations to neurons displaying AGMsen,
which responded in the same regime (ca. 7D0) as the HEK cells albeit with a low dynamic range.
Nevertheless, these results confirméahctionality and will allow us setp screening experiments
which mimicneuronalperformance, thereby enabling easier engineering of new sensor constructs in

the future.

Overall, we confirmed that the distal binding pocket residues of PotF are thedriging 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 topsetliable controls and allows for the
assessment of robustness of futurepeximents, 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 ligandra 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 versiorof 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 undedstha neuronal modes of action

of AGM in the future.

On a last note, all experimental features, and the functionality of the-Batied 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

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

For this manuscript | expressazhd prepared the proteins and performedothermal titration
calorimetry (ITCynder the supervision of Sodoan Shanmugaratnamfurther set-up and screened
crystallization conditions. Crystal preparation and data processing as well as structure building and
deposition was done together with Sooruban Shanmugaratnam. Thim fsilicocharacterization by
molecuar 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 draffinalization and subission of the manuscript was done by Birte

Hocker.

7.2Manuscript 2: Finduning spermidine binding modes in the putrescine binding protein
PotF

Ulrike Scheiland | performed mutagenesis to constrube different variants Both ofus expressed

and purifed 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 ITAsconducted crystallization seips, whle aystal preparation and data
processing as well as structure building and deposition was done together with Sooruban
Shanmugaratam. Using these structures, we performed the dihedral analysis. | conducted the
conservation analysis on binding pocketidees. 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 fluorestebiosensor for the visualization of Agmatine

Initial cloning and sensor construction was performed by André C. Stiel. | characterized the first and
final sensor constructs. The sap of the screening platform and mutagenesis for all tested variants
wasdone by me. | expressed and purified all tested PotF receptor modules and analysed them via ITC.
| setup crystallization trials and performedystal preparatiorwith Sooruban Shanmugaratnam. | did

the data processing as well as structure buildfogthe sensor and control sensor structures. Final
polishing of the structures andeposition was done together with Sooruban Shanmugeaat. |

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

supervision oBirthe Stiven in the laboratory of Dagmar Wachten. Birthe Stiiven cloned the sensor
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constructs into the adenassociated virus (AAV) vector. AVV production as well as isolation and
seeding of hippocampal neurons was performed in the group of Susanne Sdmankduction and
experiments with neurons were conducted by Birthe Stlven. | 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
work and their general structural features

O Putrescine (PUT) © PotF_SPD:SPD 4)OF @ PotF:PUT @ PotF:SPM (A) ngwie.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-
3 \" “\;. PotF, PotF:CDV, PotF:SPD, and PotF:AGM are
O Cadaverine (CDV) 100 - _‘-’"r Iy ':‘_?3\‘ @ f: congruent to PotF:PUT. Conformations of PotF:-
A~ : 5. \J & A ke e PUT, PotF:SPM, and open apo-PotF are shown as
HzN NHz r ("\ a v 5 4, references. A detailed description of the angles is
o E 80 ‘T‘L" . = » k‘ “ shown in Tables S5 and S6. Protein representa-
. Spermldlne (SPD) o 2 IV q L ¥ tions were rendered using VMD (Humphrey
c <Rk} e O— ) e et al., 1996).
HzN/\/\/n\/\/NHZ .E' 60 :: ’e,' 3
. E ?: t,E“\'!; _“
© Spermine (SPM) 40 ) f’i«:b\ z_‘t'{ii (~93°) (Figure S2A). A related case has
HN/\/\N/\/\’H\/\/NH' ! ) V already been described for the structur-
7 " ) Yo ally similar compound n-butane (Woller
: 20 Q K+ and Garbisch, 1972).
@ Agmatine (AGM) ‘ SPD presents a structure similar to that
HAN"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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