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Zusammenfassung 

Transportprozesse durch die Membran sind essentiell um das Überleben jeder 

lebenden Zelle zu gewährleisten. Daher wird der Austausch Membran-

undurchlässiger Moleküle durch spezifische Transportproteine, die innerhalb der 

Lipid-Doppelschicht eingebettet vorliegen, ermöglicht. Eine wichtige Klasse dabei 

sind die sekundär aktiven Transporter, die den Transport des ersten Substrates 

entgegen das Konzentrationsgefälle sehr effizient an den Transport eines 

weiteren Substrates in Richtung Konzentrationsgefälle koppeln. Diese Transporter 

sind in allen Reichen des Lebens weit verbreitet, da sie äußerst wichtige 

Funktionen ausführen. Eine Funktion ist es, dem schädlichen Effekt von 

hyperosmotischen Stress in Bakterien entgegenzuwirken. Mehrere Mitglieder der 

BCCT (Betain-Cholin-Carnitin-Transport)-Familie von sekundären Transportern 

schützen vor osmotischem Stress durch die Akkumulation von dem kompatiblem 

Solut Betain oder dessen Vorstufe, dem Cholin (Lamark et al., 1991; Peter et al., 

1996; Ziegler et al., 2010). Abgesehen von osmotisch abhängigen Natrium- und 

Proton-gekoppelten Symportern, gehören auch einige wenige osmotisch 

unabhängige Transporter, wie der Substrat:Endprodukt Antiporter CaiT von E. coli, 

zu der BCCT-Familie (Jung et al., 2002; Ziegler et al., 2010). 

 

Das bestcharakterisierte Mitglied der BCCT-Familie ist der Natrium-gekoppelte 

Betain-Transporter BetP von Corynebacterium glutamicum. BetP zählt zusammen 

mit dem ABC-Transporter OpuA und dem H+-Solut Symporter ProP als Paradigma 

für osmotisch regulierten Osmolyt-Transport. Obwohl alle drei Transporter 

ausgiebig untersucht worden sind, ist der generelle Mechanismus der 

Osmoregulation noch weitgehend unverstanden. Demnach war eine Aufgabe, die 

Aufklärung weiterer regulatorischen Eigenschaften von BetP. 

 

BetP wird unter hyperosmotischem Stress aktiviert und erhöht mit steigender 

externer Osmolalität seine basale Betain-Aufnahmeaktivität innerhalb einer 

Sekunde (Peter et al., 1998a). Der osmotische Stress wird mittels zweier Reize 

von BetP wahrgenommen, der eine ist die Erhöhung der internen K+- 

Konzentration über den Grenzwert von 220 mM (Rübenhagen et al., 2001) und 

der zweite bezieht sich auf eine Veränderung des physikalischen Zustandes der 
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Membran (Maximov et al., 2014). Bisher konnten die gelösten Kristallstrukturen 

in Kombination mit funktionellen und Computer-gestützten Analysen Einblick in 

den Kopplungsmechanismus von Betain mit dem Co-Substrat Natrium vermitteln 

(Khafizov et al., 2012; Perez et al., 2012). Trotz umfangreicher Daten ist der 

genaue Regulationsmechanismus des BetP-Trimers noch immer unklar. 

 

Die Beteiligung der N- und C-terminalen Domäne an den osmoregulatorischen 

Eigenschaften wurde zuvor bereits umfassend untersucht. Die hauptsächlich 

positiv geladenen C-terminale Domäne wurde als Schlüsselkomponente in der 

Regulation identifiziert und dient der Wahrnehmung der internen K+-

Konzentration (Schiller et al., 2004). Im Gegensatz dazu ist die funktionelle Rolle 

der einzigartigen negativ geladenen N-terminalen Domäne unbekannt. Die 

gelösten Strukturen erbrachten keine weiteren Information, da nur 

Kristallstrukturen der N-terminal verkürzten BetP Variante (BetPΔ29EEE44/ 

45/46AAA) existieren (Ressl et al., 2009). Funktionelle Analysen der N-terminal 

verkürzten BetP Mutante in C. glutamicum, dessen Membran ausschließlich nur 

anionische Lipide beinhaltet, zeigten eine verminderte osmotische Sensitivität 

durch die Verschiebung des Aktivitätsoptimums zu höheren Osmolalitäten im 

Vergleich zum Wildtyp (Peter et al., 1998a). Zudem führte die Kürzung der N-

terminalen Domäne von BetP, das heterolog in E. coli (30 % negative geladenen 

Lipide) exprimiert wurde, zu einem Verlust der osmoregulatorischen 

Eigenschaften (Ott et al., 2008). Demzufolge wurde den umgebenden Lipiden 

eine besondere Rolle zugesprochen. Im Rahmen dieser Arbeit wurde die 

regulatorische Rolle der negativ geladenen Cluster in der N-terminalen Domäne 

untersucht. Die Alanin-Substitutionen der drei Cluster, E13/D14, E24/E25 und 

E44/E45/E46 sowie Sequenz-basierte sekundäre Struktur-Vorhersagen ergaben 

geringe Veränderungen in der α-helikalen Faltung des N-terminalen Teils im 

Bereich des zweiten und dritten Clusters. Funktionelle Analysen der 

Substitutionsmutanten identifizierten das Cluster E24/E25 als unerlässlich für die 

Osmoregulation im heterologen Wirt E. coli. Da in vorhergegangenen Studien 

große Mengen an negative geladenen Lipiden die Abwesenheit der N-terminalen 

Domäne kompensierten (Ott et al., 2008) wurde angenommen, dass die N-

terminale Domäne und die Lipide um die gleiche Interaktionsstelle konkurrieren. 

Aufgrund der Position der C-terminalen Domäne in der Kristallstruktur (Ressl et 
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al., 2009) sowohl als auch deren hauptsächlich positiven Ladung und der 

Lipidmembran-Bindekapazität (Ott et al., 2008), wurde die C-terminale Domäne 

als Interaktionspartner in Betracht gezogen. Um dies zu prüfen wurden Disulfid-

Crosslinking-Studien zwischen dem N-terminalen Cluster und entsprechender 

positiv geladener Residuen innerhalb der C-terminalen Domäne mittels Cystein-

Substitutionen durchgeführt. Trimere Oligomerisierungszustände in nicht-

reduzierten SDS-PAGE deuteten auf eine Interaktion zwischen den N- und C-

terminalen Domänen von benachbarten Protomeren. Zusätzlich wurde die 

Aktivierung des Transports von in E. coli Liposomen rekonstituierten N- und 

sowohl C-terminal substituierten Mutanten in BetP durch Cross-linking moduliert. 

Basierend auf den Daten dieser Arbeit, konnte ein Regulationsmechanismus 

vorgeschlagen werden, in dem die C-terminale Domäne zwischen einer 

Interaktion mit der N-terminalen Domäne des eigenen Protomers zur N-

terminalen Domäne des benachbarten Protomers wechselt. 

 

BetP liegt als stabiles Trimer innerhalb der Membran und in Detergenz vor (Ressl 

et al., 2009; Ziegler et al., 2004). Artifizielle Monomerisierung von BetP wies 

darauf hin, dass das Trimer die Grundvoraussetzung für die Regulation sei (Perez 

et al., 2011a). Darüber hinaus wurde in strukturellen Daten aus der 2D- und 3D- 

Kristallisation gezeigt, dass BetP konformativ asymmetrische Trimere bildet, in 

dem jedes Protomer eine andere Konformation annimmt (Perez et al., 2012; Tsai 

et al., 2011). Die strukturelle Asymmetrie in Kombination mit zusätzlichen inter-

protomeren Interaktionen deutet auf einen Kommunikation zwischen den 

Protomeren eines Trimers hin. Weitere gelöste Kristallstrukturen von entweder 

symmetrischen als auch asymmetrischen Trimeren lieferten sequenzielle 

kristallographische Schnappschüsse von unterschiedlichen Transporter-

zuständen, die als verschiedene Konformationen des alternating access 

mechanismus interpretiert wurden (Perez et al., 2014; Perez et al., 2012; Ressl et 

al., 2009). Laut Jardetzky (1966) beschreibt der alternating acces cycle eine 

Abfolge von Konformationsänderungen, die benötigt werden, um die Substrat-

Bindestelle abwechselnd zu beiden Seiten der Membran zu öffnen, um die 

Bindung und die Freisetzung des Substrates zu ermöglichen. Um weitere 

Einsichten in den funktionellen Zustand des BetP Trimers zu liefern, wurden 

Konformationsänderung innerhalb des Trimers mittels PELDOR (pulsed electron-
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electron double resonance) in Kombination mit site-directed spin labeling in einer 

nativeren Umgebung als in 3D-Kristallen durchgeführt. Demnach wurden intra-

trimere Distanzen zwischen Spinlabeln in verschiedenen Bedingungen gemessen, 

um Betain- und K+-abhängige Konformationsänderungen aufzuklären. Die erste 

Labelingstrategie von BetP als Drei-Spin-System, erwies sich als ungeeignet um 

die Asymmetrie von BetP zu untersuchen, da sich die sehr langen intra-trimeren 

Distanzen an der Höchstgrenze des Standard 4-Puls PELDOR befanden. Daher 

wurden Optimierungen der Methode in der Gruppe von Prof. Dr. Prisner (Goethe 

Universität, Frankfurt) durchgeführt, um die Distanzlimitierung zu überwinden. 

Die Kristallstrukturen deuteten auf einen Transportmechanismus von BetP 

bestehend aus einer Mischung von rigid body Bewegungen und individual flexing 

von symmetrie-bezogenen Helices (Perez et al., 2012). Im Vergleich zu anderen 

Transporten, die eine LeuT-ähnliche Faltung aufweisen, wies BetP eine 

grundlegend geringer ausgeprägte konformationelle Änderung auf. Demzufolge 

wurde eine alternative Labelingstrategie entwickelt, um die in den 

Kristallstrukturen beobachteten kurzen Distanzbewegungen von maximal 6 Å zu 

verfolgen. Aufgrund dessen wurden kürzere intra-protomere Distanzen zwischen 

zwei Spinlabeln innerhalb eines Protomers gemessen, das in einem innovativem 

Multi-Spin-System von sechs Spinlabeln in einem Trimer resultierte. Die 

Ergebnisse dieses Teils der Arbeit zeigten Verschiebungen in der 

Abstandsverteilung, die Konformationsänderungen widerspiegelten. In den 

Messungen auf der cytoplasmatischen Seite von BetP konnten 

Konformationsänderungen beobachtet werden, die mit der gating-like Bewegung 

von TM12 zur Schließung des Substratweges nach der Substratbindung 

übereinstimmen (Perez et al., 2012). Für die gegenüberliegende Seite des 

Proteins, konnten Distanzverschiebungen detektiert werden, die der hinge-like 

Bewegung von TM3 zur Öffnung des cytoplasmatischen Substratweges (Perez et 

al., 2012), entsprechen. Bemerkenswerterweise blieben die Distanz-

verschiebungen in Transport-defizienten Mutanten aus, das die Relevanz der 

Distanzveränderungen in den Messungen betont. Überdies konnten vergleichbare 

Muster der Abstandsverteilungen für spin-gelabeltes BetP, das in Liposomen 

rekonstituiert vorlag, beobachtet werden, wobei die cytoplasmatischen Varianten 

eine Verschiebung zu längeren Distanzen zeigten. Die Konformationsänderungen, 

von denen in dieser Arbeit berichtet wird, repräsentieren ein dynamischeres Bild 
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von BetP verglichen zu den Kristallstrukturen. Jedoch konnte gezeigt werden, 

dass die Konformationsänderungen, die bisher nur in Kristallstrukturen von BetP 

beobachtet wurden, mit den durch PELDOR gemessenen Distanzen, über-

einstimmen.  

 

Basierend auf der langjährigen Erfahrung unserer Gruppe im Bezug zu dem BCCT 

BetP, war ein weiterer Aspekt dieser Arbeit die Charakterisierung neuer BCC-

Transporter. Aufgrund der hohen klinischen Relevanz und der stetig steigenden 

Multi-Antibiotika-Resistenz von pathogenen Acinetobacter Spezien, wurde der 

Modelorganismus Acinetobacter baylyi ADP1 als Ziel gewählt. Die Fähigkeit von 

Acinetobacter jede Oberfläche zu kolonisieren und dabei Trockenheit und 

Feuchtigkeit zu überleben (Doughari et al., 2011; Vallenet et al., 2008), deutete 

auf einen starken Osmostress-Mechanismus, welcher möglicherweise zur Virulenz 

dieses Bakteriums beiträgt. In der Tat wurden bei der Prüfung des Genoms von A. 

baylyi potentielle BCC-Transporter entdeckt. Vorangegangene Studien zeigten, 

dass erste Aussagen über die Substrat-Spezifizität schon anhand der Sequenz 

des sogenannten Glycin-reichen Motives, das für Transporter der gleichen 

Substrat-Spezifizität konserviert vorliegt, gemacht werden können (Perez et al., 

2011b; Ziegler et al., 2010). Vorläufige funktionelle Studien des Transporters 

BetT2 mit dem Glycin-Motiv Ala-Gly-Ile-Gly-Ile-Asp bestätigten die Einstufung als 

Proton-gekoppelten Cholin-Symporter, der dem hyperosmotischen Stress 

entgegen wirkt. Im Vergleich zu BetT2, konnte ein Alanin anstelle des Aspartats 

am Ende des Glycin-Motives des anderen BCCT BetT1 von A. baylyi gefunden 

werden. Unsere funktionellen Analysen identifizierten BetT1 als Transporter mit 

hoher Affinität, jedoch geringer Kapazität, der sehr wahrscheinlich eher in der 

Cholin-Aufnahme für den Katabolismus als zur osmotischen Stress-Antwort 

beteiligt ist. Des Weiteren zeigt BetT1 alle Charakteristika eines 

außergewöhnlichen Uniporters in der BCCT-Familie, der die positive Ladung des 

Cholins zu Konformationsänderungen ausnutzt. Erste 3D-Kristallisationsversuche 

erzielten Kristalle mit einer Beugung bis 8 Å. Die Kristallisation muss weiter 

optimiert werden um strukturelle Informationen zur Aufklärung des molekularen 

Mechanismus des Cholin-Uniports, welcher ausschließlich durch das Membran-

potential angetrieben wird, zu erhalten. In der Zwischenzeit wurde BetP von C. 

glutamicum als Modelsystem für BetT1 verwendet. Die Umwandlung von BetP in 
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einen Transporter mit einer erweiterten Substrat-Spezifität war in vorherigen 

Versuchen erfolgreich und wird durch etablierte Aufreinigungs- und 

Kristallisationsprotokolle begünstigt (Gärtner, 2014; Perez et al., 2011b). Hierzu 

wurde das Glycin-Motiv von BetP, Ala-Gly-Met-Gly-Ile-Gly, hinsichtlich der BetT1 

Sequenz mutiert und die Fähigkeit Cholin zu transportieren wurde überprüft, um 

als alternatives Kristallisationsziel in der Zukunft zu dienen. Die Ergebnisse dieser 

Arbeit in Kollaboration mit der Gruppe von Prof. Dr. Averhoff (Goethe Universität, 

Frankfurt) gewährten Aufschluss in die physiologische Rolle und der Regulation 

von pathogen-relevanten Cholin-Transport in Acinetobacter. 
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Abstract 

Transport processes across the membrane are essential to ensure survival of 

every living cell. Therefore, the exchange of membrane impermeable molecules is 

mediated by specific transport proteins, which are embedded in the lipid bilayer. 

One important class comprises secondary active transporters, which couple very 

efficiently the uphill transport of the main substrate against its concentration 

gradient to the downhill transport of an additional substrate. These transporters 

are widely distributed among all kingdoms of life and accomplish many crucial 

functions. One function is to counteract the deleterious effect of hyperosmotic 

stress in bacteria. Several members of the BCCT (betaine-choline-carnitine- 

transport) family of secondary transporters mediate osmostress protection by the 

accumulation of the compatible solute betaine or its precursor choline (Lamark et 

al., 1991; Peter et al., 1996; Ziegler et al., 2010). Besides osmo-dependent 

sodium or proton-coupled symporters, the BCCT family includes few rare 

representatives of osmo-independent transporters such as the substrate:product 

antiporter CaiT from E. coli (Jung et al., 2002; Ziegler et al., 2010). 

 

The best-characterized member of the BCCT family is the sodium-coupled betaine 

transporter BetP from Corynebacterium glutamicum. BetP together with the ABC-

transporter OpuA and the H+-solute symporter ProP, became a paradigm for 

osmoregulated osmolyte transport. Although, all three transporters were 

extensively studied, the general mechanism of osmoregulation is still far from 

being understood. Thus, one task of this thesis was to elucidate further the 

regulatory properties of BetP. 

 

BetP is tightly regulated by osmotic stress and is able to increase its basal betaine 

uptake activity dramatically upon elevated osmolalities within one second (Peter 

et al., 1998a). The osmotic stress is sensed by BetP via two stimuli, one is the 

increase of the internal K+ concentration above a threshold of 220 mM 

(Rübenhagen et al., 2001), the second is related to a change in the physical state 

of the membrane (Maximov et al., 2014). So far, several solved crystal structures 

in combination with functional and computational analysis provided insights into 

the coupling mechanism of betaine and its co-substrate sodium (Khafizov et al., 
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2012; Perez et al., 2012). Despite the wealth of data, the precise regulatory 

mechanism of trimeric BetP is still unclear.  

 

The contribution of the N- and C-terminal domain to osmoregulatory properties of 

BetP was already extensively studied. The mostly positively charged C-terminal 

domain was identified as key player in regulation by sensing the internal K+ 

concentration (Schiller et al., 2004). In contrast, the functional role of the unique 

negatively charged N-terminal domain is unknown. The solved structures could 

not provide any information, because only crystal structures of an N-terminally 

truncated BetP variant (BetPΔ29EEE44/45/46AAA) exist (Ressl et al., 2009). 

Functional analysis of N-terminally truncated BetP mutants in C. glutamicum, 

which comprise only anionic lipids in the membrane, showed to be less osmo-

sensitive by shifting the activation optimum to higher osmolalities when compared 

to the wild type (Peter et al., 1998a). Moreover, truncation of the N-terminal 

domain of BetP heterologously expressed in E. coli (30 % negatively charged 

lipids) lead to the lost of the osmoregulatory properties (Ott et al., 2008). Thus, an 

important role for the surrounding lipids in BetP was assumed. Because the 

functional impact of the N-terminal domain is still unclear, the regulatory role of 

the negatively charged clusters in the N-terminal domain was investigated in this 

part of the thesis. Alanine substitution of three clusters, namely E13/D14, 

E24/E25 and E44/E45/E46 as well as sequence based secondary structure 

predictions revealed slight changes in the α-helical fold of the N-terminal parts 

around the second and third cluster. Functional analysis of the substitution 

mutants evaluated the role of the clusters and identified the cluster E24/E25 to 

be crucial for osmoregulation in the heterologous host E. coli. 

Because high amounts of negatively charged lipids seemed to compensate for the 

absence of the N-terminal domain in previous studies (Ott et al., 2008), it was 

assumed that the N-terminal domain and lipids might compete for the same 

interaction site. Due to the orientation of the C-terminal extension in the crystal 

structure (Ressl et al., 2009), the positive charge and its lipid membrane binding 

capacity (Ott et al., 2008), the C-terminal domain was considered as a potential 

interaction partner. To investigate this, disulfide cross-linking studies between the 

N-terminal cluster and appropriate positively charged residues of the C-terminal 

domain were performed by cysteine substitution. Trimeric states in non-reducing 
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SDS-PAGE analysis indicated interactions between the N- and C-terminal domains 

of adjacent protomers. In addition, transport activation for the N- and C-terminal 

cysteine substituted mutants in BetP reconstituted in E. coli polar lipid liposomes 

was modulated by cross-linking. Based on the data of this work, a regulation 

mechanism can be proposed in which the C-terminal domain switches between 

interactions of the N-terminal domain of its own protomer to the N-terminal 

domain of an adjacent protomer. 

 

BetP is a stable trimer in membranes and in detergent (Ressl et al., 2009; Ziegler 

et al., 2004). Artificial monomerization of BetP suggested that the trimer is the 

prerequisite for regulation (Perez et al., 2011a). Moreover, in structural data 

obtained by 2D and 3D crystallization, BetP forms conformational asymmetric 

trimers in which each protomer adopts a distinct conformation (Perez et al., 

2012; Tsai et al., 2011). This structural asymmetry in combination with additional 

interprotomeric interactions suggests a crosstalk between the protomers within 

one trimer. Additional solved crystal structures either of symmetric or asymmetric 

trimers provided sequential crystallographic snapshots of different transporter 

states, which were interpreted as different conformations of the alternating 

access cycle (Perez et al., 2014; Perez et al., 2012; Ressl et al., 2009). According 

to Jardetzky (1966), the alternating access mechanism is described by a series of 

conformational changes, which are required to alternately open the substrate-

binding site to either sides of the membrane to enable binding and release of the 

substrate. 

In order to provide further insights into the functional state of trimeric BetP, 

conformational changes within the trimer were probed by PELDOR (pulsed 

electron-electron double resonance) in combination with site-directed spin 

labeling in a more native environment than provided within a 3D crystal. Thus, 

intratrimeric distances between spin labeled positions were measured at different 

conditions to elucidate betaine and K+ dependent conformational changes. The 

first label strategy of BetP including a three-spin system turned out to be 

inadequate to address the asymmetry of BetP due to very long intratrimeric 

distances at the limit of standard 4-pulse PELDOR. Consequently, optimizations of 

the method to overcome the distance limitation were performed by the group of 

Prof. Dr. Prisner (Goethe University, Frankfurt). 



ABSTRACT 

 10 

Crystal structures suggest the transport mechanism of BetP as a hybrid of rigid 

body movements and individual flexing of symmetry-related helices (Perez et al., 

2012; Tsai et al., 2011). In comparison to the structures of other LeuT-fold 

transporters, BetP has substantially less pronounced conformational re-

arrangements. Therefore, an alternative labeling strategy was designed to trap 

this short distance movements of maximum ~6 Å observed in the crystal 

structures. Subsequently, shorter intraprotomeric distances were measured 

between two spin labeled positions in each protomer that result in an innovative 

multi-spin system of six spin labels in a trimer. The results of this part of the 

thesis indicated shifts in distance distributions reflecting conformational changes 

at the periplasmic as well as cytoplasmic side of BetP. The measurements for the 

periplasmic side of BetP are consistent with the gating-like movement of TM12, 

which is required to close the periplasmic substrate pathway after substrate 

binding (Perez et al., 2012). On the opposite side of the protein, distance shifts 

can be related to the cytoplasmic hinge-like movement of TM3, which is needed 

for the release of the substrate (Perez et al., 2012). Remarkably, betaine 

transport impaired mutants did not show this distance shifts upon activation in 

detergent, which emphasizes the relevance of the distance changes observed in 

these measurements. Moreover, comparable patterns of distance distributions 

were even observed for spin labeled BetP variants reconstituted into liposomes, 

although cytoplasmic variants showed in general a shift to longer distances. The 

conformational changes reported in this work present a more dynamic picture of 

BetP compared to the diverse crystal structures. Even thought the protein was not 

trapped due crystal contacts, the application of PELDOR additionally verified the 

conformational rearrangements, which were captured in the diverse crystal 

structures of BetP. 

 

Based on the longstanding experience in our group on the BCCT BetP, another 

aspect of this thesis was to characterize novel BCC transporters. Due to the high 

clinical relevance and increasing multidrug resistance of pathogenic 

Acinetobacter species, the model organism Acinetobacter baylyi ADP1 was 

selected as target. The ability of Acinetobacter to colonize almost any surface 

persisting desiccation and moisture (Doughari et al., 2011; Vallenet et al., 2008) 

points towards a strong osmostress mechanism, which might contribute to the 
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virulence of these bacteria. Indeed, the inspection of the genome of A. baylyi 

revealed several potential BCC transporters. Preceding studies of BCCTs showed, 

that first substrate specificity predictions could be performed already on the basis 

of the sequence of the so-called glycine motif, which is highly conserved for 

transporters with the same substrate specificity (Perez et al., 2011b; Ziegler et al., 

2010). Preliminary functional studies of the transporter BetT2 with the glycine 

motif Ala-Gly-Ile-Gly-Ile-Asp confirmed the assignment as proton-coupled choline 

symporter, responsible to counteract hyperosmotic stress. In contrast to BetT2, 

an exceptional unpolar alanine is found instead of the aspartate at the end of the 

glycine motif for the other A. baylyi BCCT BetT1. Our functional analysis of BetT1 

identified a high affinity, but low capacity choline transporter most likely involved 

in choline uptake for catabolism than in osmotic stress response. Furthermore, 

BetT1 seems to show all characteristics of an exceptional uniporter in the BCCT 

family exploiting the positive charge of choline to trigger conformational changes. 

Initial 3D crystallization trials yielded crystals diffracting to 8 Å. Crystallization has 

to be optimized to obtain any structural information, which could provide insights 

into the molecular mechanism of choline uniport driven entirely by the membrane 

potential. Meanwhile, the model system BetP from C. glutamicum was used as a 

blue print for BetT1. Transforming BetP into a transporter with different substrate 

specificity was already successful in former approaches, which benefited from the 

well-established purification and crystallization protocol (Gärtner, 2014; Perez et 

al., 2011b). Therefore, the glycine motif of BetP Ala-Gly-Met-Gly-Ile-Gly was 

mutated in respect to the sequence of BetT1 and examined for the ability to 

transport choline in order to serve as alternative crystallization target in the 

future. The results of this work in collaboration with the group of Prof. Dr. Averhoff 

(Goethe University, Frankfurt) helped to shed light into the physiological role and 

regulation of pathogen-relevant choline transport in Acinetobacter. 
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1 Introduction 

 

1.1 Secondary active transporters 

Living cells are surrounded by a lipid bilayer, the membrane, which serves as a 

physical barrier. Gas, hydrophobic as well as small polar molecules like water can 

diffuse though the lipid bilayer, while larger polar or charged molecules have to 

be transported across the membrane. The exchange of biological molecules plays 

an important role in a diversity of vital physiological processes like signal 

transduction, metabolism, maintenance of cellular homeostasis, drug extrusion 

and much more. One key element of life is the transport of molecules, namely 

amino acids, sugars, ions, lipids etc., which is facilitated by membrane-spanning 

proteins categorized mainly in channels and transporters. Whereas channels in 

the open state act as pores allowing the molecules to pass the membrane along 

the concentration gradient, transporters translocate their substrates through a 

series of conformational changes. Consequently, the turnover rate for a 

transporter with 101 to 103 substrate molecules per second is lower than a 

channel, which has not to undergo prominent conformational changes to reach 

up to 108 molecules per second (Giacomini and Sugiyama, 2011). Membrane 

transporters are classified further. Transporters, which facilitate the movement of 

one substrate along the concentration gradient, are called uniporters (Figure 

1.1). Transporters translocating molecules against their gradient can be divided 

into primary and secondary active transporters. While primary transporters drive 

their transport by energy from chemical reactions like ATP hydrolysis, secondary 

active transporters couple the uphill transport of one substrate to the downhill 

transport of a second substrate, commonly ions like for example H+ or Na+. The 

driving forces involved in active ion-coupled substrate transport are named after 

the movement of the respective ions, e.g., proton motive force (pmf) and sodium 

motif force (smf), respectively. Different substrates can be co-transported in 

symporters or counter-transported in antiporters (Figure 1.1). It was shown that 

the early description of the basic principle of transport by Jardetzky (Jardetzky, 

1966), in particular known as alternating access model, is valid for secondary 

active transporters (Forrest et al., 2011).  
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Secondary transporters are widely distributed in all kingdoms of life and a 

comprehensive classification system is accessible in the Transporter 

Classification Database (http://www.tcdb.org) (Saier  et al., 2009). Because 

secondary active transporters can be found in almost every living cell and their 

crucial involvement in essential life processes, these transporters are subject of 

diverse biochemical, biophysical and theoretical approaches. 

 

 
Figure 1.1: Three types of transporters. 
Uniporters translocate a single molecule down its concentration gradient. Secondary 
active transporters, namely symporters and antiporters, couple the uphill transport of 
one substrate to the downhill transport of a second molecule, either in the same or 
opposite direction, respectively.  
 

 

1.2 Spectroscopic applications on secondary active transporters 

The mechanistic description of biological function on a molecular level is one 

main topic in biochemical and biophysical research. In the past, many techniques 

contributed to the membrane protein structure determination. The availability of 

structures obtained by 2D and 3D crystallization has improved the mechanistic 

understanding of secondary active transport. However, the challenging 

crystallization process of especially membrane proteins is a limiting factor. 

Furthermore, also high-resolution structures give only static pictures of a protein 

in non-native conditions trapped by crystal contacts. Consequently, the dynamic 

process of transport cannot be understood solely by crystallographic snapshots 

(Forrest et al., 2011). Thus, spectroscopic methods gained importance to 

investigate the molecular function of secondary active transporters (Figure 1.2). 

Nuclear magnetic resonance (NMR) can be used to study the membrane protein 

structure, protein dynamics, substrate binding and interaction between different 
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proteins and other interacting partners (Hellmich and Glaubitz, 2009). Although 

the application of NMR to solve protein structures is restricted to proteins with a 

size below 50 kDa, it is a very suitable tool to investigate dynamics when the 

structure is already known. NMR requires large amounts of the sample in a µM to 

mM concentration range (Hellmich and Glaubitz, 2009). In contrast, Fluorescence 

resonance energy transfer (FRET) (Förster, 1948) is a method that does not 

require excessive amounts of proteins and overcomes the size restriction of 

proteins. Interaction between different partners as well as dynamical and 

structural information can be gained by measuring distances between 

corresponding donor and acceptor chromophores attached to the protein (Truong 

and Ikura, 2001). As complementary method, pulsed EPR (electron paramagnetic 

resonance) spectroscopy in combination with site-directed spin labeling has 

emerged as powerful tool to elucidate the structure as well as structural changes 

of transporters in more native environment. Beside various diverse applications 

of EPR, PELDOR (pulsed electron-electron double resonance or double electron-

electron resonance (DEER)) (Milov et al., 1984) is used to measure inter- and 

intramolecular distances between spin labels, which were introduced into the 

protein of interest.  

 

           A                                                           B 

 
Figure 1.2: Comparison of spectroscopic methods. 
A) The distance scale displays with which method, which range of structural information 
can be obtained. B) Schematic representation of a protein and the corresponding 
distances, which can be covered by NMR and EPR methods. The position of the spin 
label (paramagnetic center for EPR, NMR-active nucleus for NMR) is depicted as black 
sphere (Hellmich and Glaubitz, 2009). 
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PELDOR was already applied successfully for secondary transporters like LacY 

from E. coli. LacY belongs to the major facilitator superfamily (MFS) and is the 

most extensively studied secondary active transporter. The X-ray structure of the 

monomeric galactoside/H+ symporter was solved in the inward open 

conformation (Abramson et al., 2003). PELDOR was used to determine interspin 

distances between nitroxide-labeled paired Cys-replacements at the cytoplasmic 

as well as periplasmic side of the transporter for the WT and the conformationally 

restricted variant C154G in the presence of galactosidic and non-galactosidic 

sugars (Smirnova et al., 2007). Upon binding of the galactosidic sugar to the LacY 

WT protein, the distances at the cytoplasmic side decreased in the range of 4 – 

21 Å indicating the closure of the cytoplasmic site. Simultaneously, the interspin 

distances between the periplasmic labeled double Cys pairs increased about 4 -

14 Å implying the opening of the periplasmic side of WT LacY. Interestingly, 

periplasmic conformational changes were almost not observed for LacY C154G. 

Moreover, the obtained distances for the WT were in good agreement with 

distances, which were proposed for a LacY model in the outward open 

conformation. Further PELDOR experiments confirmed an apo-intermediate state 

of LacY, a modeled conformer with the sugar-binding site inaccessible of both 

sides of the transporter, devoid of sugar (Figure 1.3) (Madej et al., 2012). Also 

here the model was evaluated by the comparison of experimental distances 

between the spin labeled double Cys variants with modeled interhelical 

distances. Incidentally, data indicated also a second fully occluded conformation 

of LacY, in contrast with bound sugar. Application of PELDOR in conjunction with 

molecular modeling based on the X-ray structure provided strong evidence for the 

alternating access cycle for LacY (Madej et al., 2012). 
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Figure 1.3: PELDOR measurements of LacY. 
Interspin distance distribution detected for nitroxide-labeled periplasmic Cys pair 
164/310 (left) and cytoplasmic Cys pair 73/340 (right) of LacY. Distance distributions 
were obtained by Tikhonov regularization of dipolar spectra in absence and in presence 
of bound sugar, NPGlu (blue solid line) and NPGal (red solid line). Relative distributions 
of conformational populations were obtained by multi-Gaussian deconvolution as 
described previously (Smirnova et al., 2007). The interspin distance is indicated on top 
of the Gaussian peaks and attributed to the corresponding conformation. The relative 
area of the Gaussian peaks in % is representing the fraction of each conformer 
population within the multi-Gaussian fit (dashed black line). The horizontal bars 
represent the distance differences between the peak centers in different conformers. 
The Cα	
   – Cα distance differences between the different conformers in the structure 
models are indicated in parenthesis (Madej et al., 2012). 
 

In another more elaborated case, PELDOR was applied to probe the structure and 

conformational composition of the sodium-coupled aspartate transporter GltPh 

from Pyrococcus horikoshii (Georgieva et al., 2013; Hänelt et al., 2013). GltPh is a 

bacterial homolog of the mammalian glutamate transporters, also known as 

excitatory amino acid transporters (EAATs), involved in synaptic transmission. The 

crystal structure of homotrimeric GltPh was solved, in which each protomer 

consists of a central trimerization domain mediating intersubunit contacts and a 

peripheral transporter domain (Yernool et al., 2004). In structures of 

conformationally symmetric trimers, all protomers adopt either the outward 

facing conformation or the inward facing conformation obtained by cross-linking 

of a conformationally constrained mutant (Reyes et al., 2009; Yernool et al., 
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2004). Additionally, the structure of an asymmetric trimer was solved with two 

protomers in the inward facing state and one protomer in an intermediate 

conformation (Verdon and Boudker, 2012). According to these structures, during 

transport a conformational change involving a large-scale movement of the 

transport domain across the membrane to expose the binding site alternatingly to 

both sides of the membrane cycle was suggested. The determination of interspin 

distances by PELDOR confirmed the rigid structure of the trimerization domain of 

GltPh. Furthermore, a broad distance distribution was identified between the spin 

labels in the transporter domains, which sample multiple conformations 

(Georgieva et al., 2013; Hänelt et al., 2013). Outward and inward facing states 

are populated independently from each other, although the binding of Na+ ions 

and aspartate shifted the distribution mainly to longer distances for Cys-

replacements at the extracellular side and to shorter one at the intracellular side, 

corresponding to the outward facing conformation (Figure 1.4) (Georgieva et al., 

2013). In general, the broad distributions between nitroxide-labeled protein in 

detergent and reconstituted into proteoliposomes varied only modestly 

confirming the conformational heterogeneity. But some exceptions in which 

unique conformations were more stabilized than others were observed 

(Georgieva et al., 2013; Hänelt et al., 2013). 
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Figure 1.4: PELDOR measurements of GltPh. 
Pairs of spin labels in GltPh in the outward facing (O/O) and the inward facing (I/I) state 
(top). The trimerization and transport domains are shown as cartoon (yellow) and 
transparent surface (blue), respectively. The third protomer is removed for clarity. The 
Cβ-atoms of the native residues mutated to cysteines are depicted as spheres. Distance 
distributions in DDM and POPC bilayers measured for T375R1 and E296R1 in the 
transport domain at the extracellular and intracellular side, respectively. The 
experimental data (orange) and the envelope of the fitted Gaussians (black) are shown. 
The three Gaussians are representing distances from the symmetric outward facing 
(blue), mixed (green) and symmetric inward facing (red). Arrows mark the Cβ – Cβ 
distances expected from the crystal structures with the similar color code for the 
corresponding conformation (adapted from Georgieva et al., 2013).  
 

These were just two examples of secondary active transporters among many 

other transporters, which were already studied by PELDOR in combination with 

site-directed spin labeling. The determination of interspin distances turned out to 

be useful to evaluate given crystal structures and models as well as to gain 

insights into the conformational dynamics of membrane proteins in more native 

environment. 

 

 

1.3 Secondary active transporters of the BCCT family 

The members of the prokaryotic betaine-choline-carnitine-transporter (BCCT) 

family are secondary active transporters, which serve as uptake systems for 

substrates with mainly quaternary ammonium groups [R – N+(CH3)3] as common 

feature. As the name of the family already implies, the main substrates are 

betaine, choline and carnitine although in the last years additional substrates 

were found. As new substrates are counting compounds with fully methylated 

sulphonium headgroups like dimethylsulphoniopropionate (DMSP) and 

dimethylsulphonioacetate (DMSA) as well as ectoine and hydroxyectoine, which 

do not fit to the general chemical scheme (Figure 1.5) (Ziegler et al., 2010). 

However, the BCCT family was classified as a sub-family of the APC (amino acid 

polyamine cation) superfamily in the Transporter Classification (TC) system 

(www.tcdb.org/superfamily.php) (Saier  et al., 2009). 
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Figure 1.5: Substrates of the BCCT family. 
The positively nitrogen or sulphur headgroups as well as the delocalized positive charge 
in ectoine and hydroxyectoine are highlighted in red (Ziegler et al., 2010). 
 

Among the functionally characterized members of the BCCT family, mainly proton- 

as well sodium-coupled symporters involved in the osmostress response of 

bacteria can be found (Ziegler et al., 2010). According to this, the first 

characterized BCC transporter was discovered during genetic analysis of the 

osmoregulatory choline-glycine betaine pathway of E. coli (Lamark et al., 1991). 

The gene for the BCC transporter BetT is organized together with the so-called 

Bet regulon including the genes coding for the Bet enzymes: BetI, BetB and BetA 

(Figure 1.6). BetT is a proton-driven high affinity uptake system for choline and 

involved to counteract hyperosmotic stress (Tondervik and Strom, 2007), 

although choline serves only as precursor for the compatible solute glycine 

betaine, also referred to as betaine. The oxidation of choline to betaine is 

performed by the corresponding Bet enzymes (Lamark et al., 1991). 

 

                    A 

 
                    B 

 
Figure 1.6: Bet regulon organization and choline oxidation. 
A) The bet operon of E. coli consists of betA (choline dehydrogenase), betB (betaine 
aldehyde dehydrogenase), betI (repressor protein) and is located downstream of betT 
coding for a high affinity choline uptake system belonging to the BCCT family (Lamark et 
al., 1991). B) Choline conversion. The enzymes catalyze the oxidation of choline over 
betaine aldehyde in two-step reaction to glycine betaine, which functions as compatible 
solute (Kempf and Bremer, 1998).  
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Also betaine specific BCC transporters involved in the osmostress response like 

OpuD from Bacillus subtilis (Kappes et al., 1996) as well as BetP from C. 

glutamicum were identified. As an exception, CaiT from E. coli and P. mirabilis 

functions as substrate:product antiporter (Jung et al., 2002) exchanging L-

carnitine against the metabolized product γ-butyrobetaine under anaerobic 

growth conditions. Based on the trimethylammonium compounds serving as 

substrates for these transporters, a new transporter sub-family was proposed 

(Kappes et al., 1996; Saier, 2000). Beside the substrate specificity for 

classification of a BCC transporter, the highly conserved signature motif 

consisting of tryptophans in TM8 is used as reference (Figure 1.7). For the most 

BCCTs, 12 TM helices are predicted with N- and C-termini facing the cytoplasm. 

The length and the amino acid sequence of the termini are among the members 

of the BCCT family highly variable. The contribution of these terminal extensions 

to the transport and osmoregulatory properties were first identified for BetP 

(Peter et al., 1998a) and subsequently also for other BCCTs like BetT from E. coli 

(Tondervik and Strom, 2007). However, the involvement of BCCTs in response to 

chill as well as to in heat stress was demonstrated for EctT from Virgibacillus 

pantothenticus (Kuhlmann et al., 2011) and OpuD from B. subtilis (Holtmann and 

Bremer, 2004), respectively. 

 

 
Figure 1.7: Sequence alignment of the tryptophan box of selected BCCT family 
members. 
The amino acid sequence of BetP from C. glutamicum is aligned against OpuD from B. 
subtilis, BetT from E. coli, EctT from V. pantothenticus, LcoP from C. glutamicum and 
CaiT from E. coli. Numbering corresponds to BetP. The (*) marked residues are highly 
conserved in the BCCT family (Ziegler et al., 2010). 
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Table 1.1: Functionally characterized members of the BCCT family 

BCCT 
(Ref.) Organism Substrate 

Driving 
force/ 

Direction 

Total 
No. 
(aa) 

N-term 
No. 
(aa) 

C-term 
No. 
(aa) 

BetP 
(Peter et al., 1996) 

Corynebacterium 
glutamicum GB smf/sym 595 58 50 

OpuD 
(Kappes et al., 1996) Bacillus subtilis GB smf/sym 512 4     24 

BetL 
(Sleator et al., 1999) 

Listeria 
monocytogenes GB smf/sym 507 3 20 

BetH 
(Lu et al., 2004) 

Halobacillus 
trueperi GB smf/sym 505 3 18 

BetM 
(Vermeulen and Kunte, 2004) 

Marinococcus 
halophilus GB smf/sym 493 3 7 

BetT3 
(Sand et al., 2011) 

Acinetobater 
baylyi GB smf/sym 660 11* 164* 

ButA 
(Baliarda et al., 2003) 

Tetragenococcus 
halophila GB smf/sym 539 34 15 

OpuD 
(Naughton et al., 2009) Vibrio cholera GB smf/sym 539 34 15 

BetT 
(Laloknam et al., 2006) 

Aphanothece 
halophytica GB smf/sym 564 36 38 

BetP 
(Naughton et al., 2009) 

Vibrio 
parahaemolyticus GB smf/sym 523 41 14 

BetU 
(Ly et al., 2003) Escherichia coli GB smf/sym 667 17 162 

BetT 
(Fan et al., 2003) 

Haemophilus 
influenzae Cho sym 669 6* 174* 

BetT3 
(Malek et al., 2011) 

Pseudomonas 
aeruginosa Cho pmf/sym 661 12* 168* 

BetT1 
(Malek et al., 2011) 

Pseudomonas 
aeruginosa Cho pmf/sym 516 1* 28* 

CudT 
(Rosenstein et al., 1999) 

Staphylococcus 
xylosus Cho pmf/sym 540 7 36 

BetT 
(Lamark et al., 1991) Escherichia coli Cho pmf/sym 667 14 175 

EctT 
(Kuhlmann et al., 2011) 

Virgibacillus 
pantothenticus E/HE smf/sym 501 7 14 

EctM 
(Vermeulen and Kunte, 2004) 

Marinococcus 
halophilus E/HE smf/sym 439 10 25 

CaiT 
(Eichler et al., 1994) Escherichia coli C/γ-BB anti 504 10 5 

PmCaiT 
(Schulze et al., 2010) Proteus mirabilis C/γ-BB anti 514 15 10 

BetT 
(Chen and Beattie, 2008) 

Pseudomonas 
syringae Cho/Ac pmf/sym 667 14 160 

LcoP 
(Steger et al., 2004) 

Corynebacterium 
glutamicum E/GB smf/sym 630 43 96 

BetS 
(Boscari et al., 2002) 

Sinorhizobium 
meliloti GB/PB smf/sym 706 52 167 

DddT 
(Todd et al., 2010) Psychrobacter sp. GB/DMSP smf/sym 550 25 17 

EctP 
(Weinand et al., 2007) 

Corynebacterium 
glutamicum E/P/GB smf/sym 615 21 102 
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Ac: acetylcholine; C: carnitine; Cho: choline; DMPS: dimethylsulphoniopropiate; E: ectoine; γ-BB: γ-
butyrobetaine; GB: glycine betaine; HE: hydroxyectoine; P: proline; PB: proline betaine; smf: 
sodium motive force; pmf: proton motive force; sym: symport; anti: substrate:product antiport 
*length of the N-terminal and C-terminal domains were predicted by TMHMM 
(www.cbs.dtu.dk/services/TMHMM-2.0/). 

 

 

1.4 BetP: a paradigm for BCC transporters 

The betaine permease BetP is one of three BCC transporters in Corynebacterium 

glutamicum, a bacterium used for industrial glutamate/lysine production. During 

fermentation as well as in its environment, the gram-positive soil bacterium C. 

glutamicum has to cope with diverse stress conditions like osmotic stress (Figure 

1.8). Thus, the Na+-coupled transporter BetP counteracts hyperosmotic stress by 

the accumulation of the compatible solute betaine. The uptake of compatible 

solutes is preferred over de novo synthesis due to energetic reasons (Oren, 

1999). Compatible solutes can be accumulated to high concentrations without 

disturbing cellular metabolism and prevent the lost of water of the cell. The 

osmolyte betaine is excluded by the hydration shell of proteins promoting proper 

protein folding and can be found as osmoprotectant in all kingdoms (Arakawa 

and Timasheff, 1985; Brown, 1976; Kempf and Bremer, 1998). An adequate 

uptake of betaine is ensured by BetP, which the most characterized BCC 

transporter in terms of transport and regulation. Furthermore, BetP encompasses 

three functions: 

1. Transport catalysis of exclusively betaine coupled to 2 Na+ ions 

2. Activity regulation by adapting the catalytic activity in dependence of the 

hyperosmotic stress 

3. Sensing of the osmotic stress and further signal transduction 
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Figure 1.8: Types of osmotic stress. 
Osmotically driven water fluxes the cytoplasmic membrane of a microbial cell. Upon 
hyperosmotic stress the efflux of water is counteracted by the accumulation of solutes, 
whereas upon hypoosmotic the water influx is counterbalanced by the release of solutes 
(Ziegler et al., 2010). 
 

 

1.4.1 Transport properties of BetP 

A steady-state betaine accumulation of 4 x 106 was observed for the 

osmoregulated transporter BetP of C. glutamicum (Farwick et al., 1995). Further 

kinetic analysis revealed a high affinity uptake system for betaine with an 

apparent Km of 8.6 ± 0.4 µM and a Vmax of 110 nmol/min*mg dw. Additionally, as 

driving force for the betaine uptake, the electrochemical potential of sodium with 

a stoichiometry of two ions to one betaine molecule was identified. For the co-

substrate sodium an apparent Km of 4.1 ± 0.4 mM was determined (Farwick et 

al., 1995). Heterologous expression in E. coli MKH13 cells, which are deficient in 

transporters for compatible solutes and are unable to synthetize betaine from its 

precursor choline (Haardt et al., 1995), revealed with an apparent Km of 12.8 ± 

1.2 µM for betaine and 6.1 ± 1.2 mM for sodium comparable kinetic parameters 

(Peter et al., 1996). A chill stress activation of BetP as it was observed in C. 

glutamicum (Özcan et al., 2005) is missing in E. coli.  

The successful reconstitution of purified protein in E. coli polar liposomes 

demonstrated the osmosensing and osmoregulatory properties of BetP. In 

contrast, the betaine uptake is very fast in proteoliposomes with apparent Km 

values of 3.6 ± 0.5 µM for betaine and 15.0 ± 1.5 mM for the co-substrate (Peter 

et al., 1996). Moreover, it was reported that the maximum betaine uptake is 

achieved in the presence of a Na+ gradient and electrical potential (Rübenhagen 

et al., 2000). 

 

 

1.4.2 Transport activity regulation of BetP 

The activity of BetP mediating betaine uptake is regulated by the external 

osmolality. Until a threshold of an external osmolality of 0.3 osmol/kg (~150 mM 

NaCl), BetP has only a low activity in C. glutamicum. Increasing external 

osmolalities up-regulate the transporter, which is reaching the maximum activity 
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at approximately 1.25 osmol/kg (~625 mM NaCl). The transition from inactive to 

fully activated BetP occurs in less than 1 s by exposure to external high 

osmolalities (Peter et al., 1998a). After stress compensation by betaine 

accumulation, the activity of BetP is reduced to prevent an excess of betaine 

within the cell (Morbach and Krämer, 2005). The ability to regulate the activity is 

retained for heterologously expressed BetP in E. coli, although the maximal 

activity is reached at lower osmolalities (Figure 1.9) (Peter et al., 1996). The shift 

of the activation optimum in E. coli was attributed to a different membrane lipid 

composition and a higher cell turgor of the gram-positive bacterium C. 

glutamicum (Peter et al., 1996; Rübenhagen et al., 2000). Whereas the 

membrane of the C. glutamicum consists of negatively charged lipids, namely 

phosphatidylglycerol (PG), phosphatidylinositol (PI) and cardiolipin (CL) (Hoischen 

and Krämer, 1990; Özcan et al., 2007; Schiller et al., 2006), E. coli comprises 

beside PG and CL to ~70 % phosphatidylethanolamine (PE) (Prasad, 1996). BetP 

reconstituted into E. coli polar lipid liposomes shows activation profiles 

comparable to E. coli cells. Variation of the membrane composition of the 

proteoliposomes demonstrated that the major factor for regulation of BetP 

activity is the nature of the phospholipid surrounding (Rübenhagen et al., 2000). 

Furthermore, studies with reconstituted BetP indicated, that the increase of 

internal K+ (or related cations such as Rb+ or Cs+) is one activation stimulus of 

BetP. The observed K+ specificity argues for K+-binding sites. However, the 

internal increase of the internal K+ concentration upon hyperosmotic stress as 

first response for bacteria like E. coli (Dinnbier et al., 1988) as well as C. 

glutamicum (Wolf et al., 2003) supports strongly the contribution of K+ for BetP 

activation (Morbach and Krämer, 2005). More precisely, the half-maximal 

activation of BetP is reached at a K+ concentration threshold of 221 ± 23 mM 

(Rübenhagen et al., 2001). Recent studies indicated that a second stimulus from 

the surrounding membrane, yet not identified, is required for full activation of 

BetP (Maximov et al., 2014). 
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Figure 1.9: Betaine uptake by BetP in different host cells. 
The relative betaine uptake rate is compared for BetP expressed either in C. glutamicum 
(Δ) or E. coli MKH13 (�) cells at different external NaCl concentrations (Peter et al., 
1996). 
 

 

1.4.3 X-ray structure of BetP 

The three-dimensional structure of BetP was solved at 3.35 Å for a N-terminally 

truncated and surface-engineered BetP mutant forming a homotrimer (Figure 

1.10) (Ressl et al., 2009). The trimeric nature of BetP was already confirmed for 

the solubilized protein in a detergent micelle by analytical centrifugation (Ziegler 

et al., 2004), BN-PAGE (Tsai and Ziegler, 2005) as well as by first structural data 

obtained in 2D crystallization (Ziegler et al., 2004). Each cylindrical shaped 

protomer consists of 12 TM helices of which 10 TMs form the transporter core 

and an additional helix h7 running parallel to the plane of the membrane. The 

substrate-binding site for betaine was found in in the center of the transporter 

core, halfway across the membrane, between TM4, TM8 and the unwound region 

of TM3 (Figure 1.11). The side chains of Trp189, Trp194, Tyr197 (TM4) and 

Trp374 (TM8) are involved in the coordination of the trimethylammonium group 

of betaine in an aromatic box by cation-π and Van der Waals interactions. Further 

crystal structures in different conformations displayed the contribution of Trp373 

and Trp377 to the coordination of the substrate (Perez et al., 2012). Later the 

existence of a potential second regulatory binding site at the periplasmic side of 

BetP was proposed. The formation was shown to be K+ dependent, because 

cooperativity of betaine was observed under high K+ concentrations (Ge et al., 

2011). 
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                A 

 
                B 

 
Figure 1.10: Structure of the N-terminally truncated, surface-engineered BetP mutant. 
A) BetP trimer as seen from the periplasmic (left) and cytoplasmic (right) side of the 
membrane. The amphipathic helix 7 (h7) is colored in red, TM2 in green and the C-
terminal domains in blue. B) Side view (left) and inverted repeat topology (right) of the 
BetP monomer. Helices are depicted as cylinders and repeat 1 (TM3-TM7) is colored 
orange, whereas the topologically related repeat 2 (TM8-TM12) is colored blue. Positively 
charged clusters are indicated within the C-terminal domain in blue. The substrate is 
represented as a black triangle and the sodium ions are green. Unresolved residues are 
indicated by dotted lines (adapted from Ressl et al., 2009).  
 

 
Figure 1.11: Betaine-binding site in BetP. 
2Fo – Fc map, contoured at 1σ, showing density for betaine (red) and the densities for 
TM4 (beige) and TM8 (blue). The tryptophan box of the betaine-binding motif is defined 
by the side chains of Trp189, Trp194, (Tyr197) and Trp374 (Ressl et al., 2009). 
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All three protomers are related by a non-crystallographic symmetry (NCS) running 

perpendicular to the membrane (Ressl et al., 2009). The periplasmic side of the 

trimer is negatively charged, whereas the cytoplasmic surface is positively 

charged. Between the protomers is a central cavity, which was found to be filled 

with PG lipids crucially involved in transport regulation (Figure 1.12) (Koshy et al., 

2013). Intratrimeric interactions between the protomers are mediated by h7 with 

TM2, TM3, TM9 and h7 of the adjacent protomer. Moreover, the long α-helical C-

terminal domain interacts with loop 2 and the C-terminus of the adjacent chain. 

The different orientations of the three C-terminal domains, which are resolved in 

different extents, are leading to a break in the NCS symmetry. 

 

 
Figure 1.12: Central lipids of BetP. 
BetP trimer in surface representation within the membrane depicted by lines indicating 
the boundaries of the lipid bilayer. The electrostatic is colored red (negative) and blue 
(positive). The Fo – Fc non-protein density (2σ contour level) in the hydrophobic cavity 
between the trimer is shown in yellow. The inset indicated five completely resolved POPG 
lipids (L1 - L5) in stick representation. The final 2Fo – Fc maps for the lipids are contoured 
at 0.8σ (adapted from Ressl et al., 2009; Koshy et al., 2013). 
 

 

1.4.4 Functional features of the N- and C-terminal domain of BetP 

Besides the 12 TM segments and the aliphatic helix h7, BetP possesses long 

terminal hydrophilic extensions facing the cytoplasm (Peter et al., 1998a; Ressl 

et al., 2009). Although the C-terminal domain was found to be a common feature 

of choline and betaine transporting BCCTs, the length and sequence of both 

terminal domains are not conserved throughout the family. Interestingly, N- and 

C-terminal domains of BetP are highly charged. The ~50 amino acid long C-

terminal domain carries clusters of positively charged residues, whereas 15 
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negatively and only 2 positively charged residues are found within the unique 

~60 amino acid long N-terminal domain. Due to the special charged feature of 

these extensions, the function of these domains was extensively studied with 

respect to their osmosensing properties. Peter et al. (1998a) demonstrated that 

partial truncations of the C-terminal domain led to deregulated constitutively 

active BetP in C. glutamicum cells. Mutations of charged residues or residues 

affecting the helical conformation of the C-terminal domain can severely alter the 

regulation, e. g. the substitution Ala564Pro maintained BetP at full activity 

(Becker et al., 2014). In fact, the C-terminal domain was identified as key player 

in K+ sensing and regulation (Peter et al., 1998a; Schiller et al., 2004). However, 

the role of the N-terminal domain is not conclusive. N-terminal truncated variants 

were less osmosensitive and an increased osmotic upshift was required for 

activation. Consequently, the maximum activity for the wild type at 1.3 osmol/kg 

was shifted to 2.6 osmol/kg for N-terminally truncated BetP in C. glutamicum 

(Figure 1.13), although the activation profile remained unaltered (Peter et al., 

1998a). 

 

 
Figure 1.13: Glycine betaine uptake of N-terminally truncated BetP variants in C. 
glutamicum. 
Glycine betaine uptake was measured in C. glutamicum strain DHP1/pGTG 
corresponding to the wild type (�) and DHP1 strains producing BetP with N-terminal 
truncations of 20 – 60 residues (¢,△,☐). Maximum uptake at optimum conditions of 
external osmolality was set to 100 % for better comparison (adapted from Peter et al., 
1998a). 
 

Interestingly, this effect resembles the shift in the activation optimum observed 

when BetP is surrounded by an increasing amount of negatively charged lipids in 

vitro and in vivo (Peter et al., 1996; Rübenhagen et al., 2000). In C. glutamicum 

comprising only negatively charged lipids, the maximum activity is reached at 1.3 

osmol/kg (Peter et al., 1998a), while in E. coli with less than 30 % negatively 
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charged lipids, the maximum activity was already found at 0.6 osmol/kg (Figure 

1.14). 

 

        A                                                           B 

 
Figure 1.14: Comparison of osmo-dependent regulation of N-terminally truncated 
variants in different host organisms. 
Regulation of the activity in dependence of the external osmolality is shown for BetP 
C252T and BetP variants with N-terminal truncations of either 29 (dN29) or 53/52 
(dN53/52) residues, produced in C. glutamicum DHPF cells (A) and E. coli MKH13 cells 
(B) (Ott et al., 2008). 
 

In addition, osmoregulation was lost in the N-terminally truncated BetP mutant in 

E. coli, which again was indicating the significance of lipids (Figure 1.14 B). The 

data suggest that negative charges either from lipids (scenario in C. glutamicum) 

or the N-terminal domain (scenario in E. coli) are absolutely essential for 

regulation. 

It seems that negatively charged lipids can compensate for the lack of the N-

terminal domain, however, higher amounts of stress are required for activation in 

C. glutamicum. In absence of a high content of negatively charged lipids as in E. 

coli, the N-terminal domain is a prerequisite for regulation. In consequence, the 

N-terminal domain and negatively charged lipids are assumed to compete for the 

same interaction site. 

Diverse studies contributed to the idea of an interaction between the negatively 

charged N-terminal domain and/or lipids with the positively charged C-terminal 

domain. For instance, an interaction of both terminal domains was observed in a 

peptide array (Ott et al., 2008). Additionally, competition experiments with BetP 

reconstituted into liposomes revealed an affected osmo-dependent activation of 

BetP, if proteoliposomes were preloaded with N-terminal peptides (Ott et al., 

2008). Furthermore, the binding of the C-terminal domain to lipid membranes in 
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surface plasmon resonance spectroscopy was reduced by the addition of N-

terminal peptides, whereas the N-terminus itself showed no binding to lipid 

surfaces (Ott et al., 2008). Based on these findings, the ’’switch model’’ was 

proposed for the mechanism of BetP activation, depending on electrostatic 

interactions (Figure 1.15). According to this model, the membrane bound state of 

the C-terminal domain was suggested to represent the inactive state of BetP. 

Upon increasing internal K+ concentrations, a reorientation of the C-terminal 

domain would switch the interaction to cytoplasmic loops and the N-terminal 

domain.  

 

 
Figure 1.15: Switch model of the C-terminal mediated activation mechanism in BetP. 
In the absence of stress, the positively charged C-terminal domain of BetP is bound to 
the negatively charged lipids in the membrane (protein-lipid interaction, red dashed 
arrow) inactivating BetP. In the presence of hyperosmotic stress, increase of the 
cytoplasmic K+ concentration in addition to an unknown membrane stimulus induces the 
reorientation of the C-terminal domain leading to the interaction with cytoplasmic loops 
and the N-terminal domain (protein-protein interaction, green arrow). The protein-bound 
state represents active BetP transporting betaine (GB) (modified after Ott et al., 2008).   
 

The X-ray structure of BetP solved in 2009 (Ressl et al., 2009; PDB: 2WIT) shed 

light to the asymmetric orientation of the helical C-terminal domains of the BetP 

trimer interacting partly with cytoplasmic loops and the C-terminus of the 

adjacent protomer. Unfortunately, this structure could not provide further 

information about the unique N-terminal domain, because an N-terminally 

truncated, surface-engineered BetP variant (BetPΔ29EEE44/45/46AAA) was 

crystallized. The last resolved amino acids of the C-terminal helix are interacting 

via crystal contacts (Arg575 and Arg584) with the periplasmic side of the 

adjacent trimer, indicating a possible non-physiological orientation due to crystal 

contact restriction (Krämer and Ziegler, 2009). However, based on the 
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structurally suggested high flexibility of the C-terminal domains the switch model 

was adapted to the trimeric state (Figure 1.16). 

 

 
Figure 1.16: Putative orientations of the C-terminal domain of monomer B within the 
BetP trimer. 
Position 1 illustrates the orientation of the C-terminus of monomer A in the crystal 
structure (Ressl et al., 2009) corresponding to the protein bound state. Position 2 shows 
a protein and lipid unbound state (C-terminus monomer B) and position 3 is the 
proposed lipid bound position of the C-terminal domain via positively charged clusters 
(blue) (Krämer and Ziegler, 2009). The inset displays a schematic representation of 
potential interactions of the C-terminal domain of one monomer with cytoplasmic loops 
and the N-terminal domain of the adjacent monomer. Positively charged residues within 
the C-terminal domain are interacting with negatively charged residues of the 
cytoplasmic loop 2 and indirectly with loop 8 connecting TM3 and TM8 (Ressl et al., 
2009), which gate the substrate pathway. Moreover, an interaction with negatively 
charged residues in N-terminal domain could be suspected in this position (adapted from 
Ziegler et al., 2010). 
 

A recently published BetP structure exhibit at least a part of the N-terminal 

domain resolved from residue 41 in chain A of PDB: 4AIN (Perez et al., 2012) 

forming an α–helical structure (Figure 1.17). Although, many structures of BetP in 

different conformations were solved, the impact of the N-terminus in possible 

protein interactions regarding the C-terminal domain is still far from understood 

since only a partly N-terminally truncated mutant was used in all crystallization 

studies. 
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Figure 1.17: Partially resolved N-terminal domain of BetP. 
The N-terminal domain is resolved for monomer A (green) of the X-ray structure of BetP 
(Perez et al., 2012, PDB 4AIN). The α-helical structure of the N-terminal domain begins 
with residue Gln55 and is resolved until Ala41 (Inset). 
 

 

1.4.5 Structure relation between different transporter families 

The X-ray structure of BetP revealed that the 10 C-terminal TM helices share the 

five transmembrane helix inverted-topology repeat, LeuT-like (FIRL) fold, which is 

also commonly known as LeuT-fold. In the FIRL-fold, an internal two-fold pseudo-

symmetry, with an axis running parallel to the membrane through the transporter 

center, relating the first set of five TM helices (TM3 – TM7) to the second set of 

five helices (TM8 – TM12), such that their TM topologies are inverted with 

respect to one another (Figure 1.18) (Yamashita et al., 2005). The elements of 

the fold can be further divided: the first two helices in each repeat (TM3/TM4 and 

TM8/TM9) form the 4-helix bundle and the remaining three TM helices of each 

repeat are forming a so-called scaffold (Figure 1.19). Within the scaffold a 

smaller element, the hash domain, is build by TM5/TM6 and TM10/TM11 

(Forrest et al., 2008; Ressl et al., 2009). The FIRL-fold is additionally 

characterized by a prominent feature of discontinuous TM helices (Figure 1.18 

B), for instance TM3 in BetP, which is involved in substrate coordination. Besides 

the BCCT and NSS family, the fold was also identified for members of amino acid 

polyamine organocation (APC) family like AdiC and ApcT (Fang et al., 2009; 

Shaffer et al., 2009), in Mhp1 from the nucleobase cation symporter-1 (NCS1) 

family (Shimamura et al., 2010; Weyand et al., 2008) and in vSGLT from the 

solute sodium symporter (SSS) transporter family (Faham et al., 2008). Although 

these transporters do not share any sequence identity, they are characterized by 

the same structure topology. 
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A                                                                                        B 

 
Figure 1.18: The LeuT-fold. 
A) Side view of the X-ray structure of LeuT (left). Both 5 TM repeats of LeuT were 
superimposed by two-fold inversion (right). Inverted repeat 1 in blue, repeat 2 in red and 
peripheral helices in gray. B) Inverted repeat topology of LeuT (top) and BetP (below). 
Coloring as described before. In addition, the amphipathic helix h7 of BetP is colored 
gray, whereas the C-terminal domain is colored yellow. Substrates and ions are indicated 
by green triangles and circles, respectively (Khafizov et al., 2010). 
 

 
Figure 1.19: 4-helix bundle and scaffold of BetP. 
Periplasmic view of a BetP protomer. The 4-helix bundle consisting of the first two helices 
of the first and second inverted repeat (TM3/TM4 and TM8/TM9) are colored light and 
dark red, respectively. The substrate-binding site is located within the 4-helix bundle. The 
remaining helices forming the scaffold are colored for the first repeat in shades of blue 
(TM5/TM6/TM7) and the helices of repeat 2 in shades of green (TM10/TM11/TM12). 
The amphipathic helix h7 is depicted in green while peripheral helices (TM1/TM2) are 
gray.   
 

 

1.4.6 Conformational asymmetry in BetP 

Oligomerization of membrane proteins is often observed, in particular for 

stabilizing effects (Van Dort et al., 2001). To investigate the role of the trimer, 
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BetP was monomerized by mutations of intratrimeric interaction sites in the 

amphipathic helix h7, which is located between the protomers. Subsequent 

analysis of transport and regulation revealed that the monomer is the functional 

unit able to transport betaine, although regulation occurs only in the trimeric form 

of BetP (Figure 1.20) (Perez et al., 2011a). 

 

  A                                                                           B 

 
Figure 1.20: The role of trimerization of BetP. 
A) Measurements of [14C]-betaine uptake rates for BetP WT, -ΔC, -ΔC-W101A/T351A, -ΔC-
W101A/F345A/T351A, -W101A/F345A/T351A and -W101A/T351A reconstituted into 
proteoliposomes. B) Glutaraldehyde cross-linking of detergent solubilized BetP WT and 
monomerized BetP W101A/T351A shown in a Coomassie-stained SDS-PAGE (10 %). 
Samples were incubated without (-) and with 0.13 % glutaraldehyde (+) for the indicated 
time points in min (Perez et al., 2011a). 
 

Remarkably, structural data obtained by 3D and 2D crystallization indicated BetP 

forming conformational asymmetric trimers, in which each protomer can adopt a 

distinct conformation. More precisely, already in the 2D projection map at 8 Å of 

C-terminally truncated BetP, different conformation can be distinguished. At least 

one protomer was suggested to adopt the outward open and the other protomers 

an inward open conformation (Tsai et al., 2011). Although the first X-ray structure 

was solved as symmetrical trimer, more recent asymmetrical structures of 

trimeric BetP were obtained (Figure 1.21) (Perez et al., 2014; Perez et al., 2012). 

Interestingly, in each asymmetric trimer at least one protomer, namely protomer 

C, is in the inward facing state, presumably forced by crystal contacts at the 

periplasmic side with the C-terminal domain of protomer A of a symmetry related 

trimer. Surprisingly, the involvement in crystal contacts have no consequence on 

the conformation of protomer A, it can adopt every state. Since crystal contacts 
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significantly differ between 2D and 3D crystals, the appearance of asymmetric 

trimers could not be just explained by restrictive consequences of the crystal 

contacts. Moreover, the observed structural asymmetry in the BetP trimers 

suggests a crosstalk between the protomers. Conformational coupling may 

reduce the energetic barrier to one or more rate limiting steps in the transport 

cycle and could facilitate the conversion between the states (Tsai et al., 2011). 

Currently, it remains unclear if BetP forms either symmetric or asymmetric 

trimers due to the synchronization, random or consecutive cycling through the 

states in more native environment. 

 

 
Figure 1.21: Conformationally asymmetric BetP trimer. 
3D crystal structure of BetP G153D (PDB 4DOJ) consisting of protomers in different 
conformations; A: Ceoc (outward occluded apo); B: Ce (outward open) and C: CiS (inward 
open substrate bound). Insets show the 2Fo – Fc map of Trp 377 in the Ce and Ceoc state 
presented at 1.4σ level (Perez et al., 2012).  
 

However, with six obtained trimeric crystal structures eight different 

conformational states of BetP could be captured providing a molecular 

description of the local and global conformational changes in the transport 

mechanism of BetP (Figure 1.22). Based on the three major conformers (outward 

open, fully occluded and inward open), the alternating access mechanism of BetP 

can be described as a hybrid of rigid body movement and individual flexing of 

symmetry related helices (Perez et al., 2012).  

 



INTRODUCTION 

 36 

 
Figure 1.22: Alternating access cycle of BetP. 
BetP crystal structures in different conformations: Ce (outward open apo; PDB 4DOJ), CeS 
(substrate-bound outward open, PDB 4LLH), CcS (substrate-bound closed, PDB 4AIN), 
CiocS (substrate-bound inward occluded; PDB 2WIT), CiS (substrate-bound inward open, 
PDB 3PO3, 4DOJ, 4AIN, 4LLH), Ci (inward open apo, PDB 4C7R), Cc (closed apo, PDB 
4AIN) and Ceoc (outward occluded apo; PDB 4DOJ). No crystal structures are available for 
CeocS (substrate-bound outward occluded) and Coic (inward occluded apo). Sodium and 
betaine are depicted as red circles and blue rhombus, respectively. 
 

The rigid body movement is performed by TM5/TM6 of the first repeat and 

TM10/TM11 of the second repeat tilting relative to the 4-helix bundle. As gating 

mechanism to open adequately the pathway, a spring-like movement of TM3 to 

open the cytoplasmic gate and a less pronounced movement of TM8 to close the 

periplasmic gate was observed. Additionally, gating-like movements of TM7 and 

TM12 were identified. Furthermore, it was shown that all structural elements of 

BetP, which are involved in the transition from the outward to the inward open 

conformation of BetP, are either directly or indirectly forming the sodium-binding 

sites (Perez et al., 2012). MD simulations, functional as well as structural 

investigations identified one sodium-binding site, Na2, between TM3 (A147, 

M150) and TM10 (F646, T467, S468) (Khafizov et al., 2012; Perez et al., 2012). 

Based on the pseudosymmetry of the FIRL-fold, computational and biochemical 

studies located the second sodium-binding site, Na1, between TM5 (T246, 
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T250), TM8 (F380) and TM11 (T499) (Khafizov et al., 2012). According to this, 

the following sequence of sodium and substrate binding was proposed: The 

residues of the Na2 site allow binding and coordination of the first Na+ ion in the 

outward open conformation. This event is followed by the binding of the substrate 

betaine and the second Na+ ion. Subsequent conformational changes lead to the 

closure of the periplasmic pathway, because only in the closed state a proper 

coordination of the Na+ ion in the Na1 site occurs, whereas in the outward and 

inward open state TM5 and TM8 are too distant for coordination. Driven by the 

sodium motive force, the Na2 site is destabilized and a spring-like movement of 

the cytoplasmic part of TM3 is opening the cytoplasmic pathway to release the 

substrates from the corresponding binding sites (Khafizov et al., 2012; Perez et 

al., 2012).   

 

 

1.4.7 Impact of the glycine stretch in substrate specificity 

The solved X-ray structures of BetP and CaiT demonstrated the coordination of 

the trimethylammonium group of the common BCCT substrates betaine and 

carnitine by the tryptophan box of TM4 and TM8 (Ressl et al., 2009; Schulze et 

al., 2010; Tang et al., 2010). However, besides the highly conserved signature 

motif also residues in the unwound stretch of TM3 were found to be involved in 

substrate coordination (Ressl et al., 2009). An alignment of this glycine-rich motif 

with other BCCTs showed conservation among transporters with similar substrate 

specificity. The glycine stretch with the sequence Ala-Gly-Met-Gly-Ile-Gly was 

indicated for betaine specific transporters like BetP from C. glutamicum, OpuD 

from B. subtilis and other representatives (Figure 1.23). In comparison, the last 

glycine within the stretch is replaced by an aspartate for the highly choline-

specific BCC transporter BetT from E. coli. In order to elucidate the role of this 

residue in substrate specificity, the last glycine was exchanged in BetP against an 

aspartate creating the mutant BetP G153D (Perez et al., 2011b). Subsequently, 

betaine and choline transport was examined for BetP G153D reconstituted into 

liposomes. This single mutation was sufficient to convert BetP in a choline 

transporter, although betaine transport was still possible. Remarkably, choline 

transport in this BetP mutant was energized by smf as well as pmf. Crystallization 

of BetP G153D confirmed the coordination of the trimethylammonium group by 
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the tryptophans, whereas the carboxyl group of the introduced Asp153 

coordinates the hydroxyl group of choline (Perez et al., 2011b). Thus, it was 

demonstrated, that a single residue in TM3 is determining the substrate and co-

substrate specificity. 

 

A                                                                             B 

 
Figure 1.23: Choline transport in BetP G153D. 
A) Amino acid sequence alignment of TM3 of BetP from C. glutamicum with B. subtilis 
OpuD, L. monocytogenes BetL, P. mirabilis BetU, T. halophile ButA, E. coli BetT and CaiT 
(top). Residues within the unwound stretch of TM3 are colored; α-helical segments of 
TM3 are depicted as red bars on top of the alignment. Na+-coupled transport of either 
[14C]-betaine or [14C]-choline was measured for BetP WT and G153D, reconstituted in E. 
coli lipid liposomes (below). Uptake was started by the addition of saturating 
concentrations of [14C]-betaine (15 µM for WT; 400 µM for G153D) and [14C]-choline 
(400 µM for WT and G153D) at 0.6 osmol/kg adjusted with proline. Each value 
represents three independent measurements ± S.D.. B) The 2Fo-Fc map (blue) of the 
choline-binding site contoured at 1.4σ is shown with choline (black) in stick 
representation. TM3, TM5, TM8 and TM10 are colored salmon, yellow, dark blue and 
orange, respectively. For clarity, TM10 is displayed without density. Hydrogen bonds and 
Van der Waals interactions are depicted as dashed lines (Perez et al., 2011b). 
 

 

1.5 The role of BCCTs in pathogens 

Pathogenic bacteria, which cause food- and waterborne diseases, have to cope 

with changing environments during production, preparation and storage of feed, 

food and water as well as defenses of the immune system within their human or 
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animal hosts for successful infection (Abee and Wouters, 1999). Beside known 

virulence factors, bacterial stress tolerance mechanisms are assumed to 

enhance bacterial virulence (Sleator and Hill, 2001). According to this, also BCC 

transporters involved in the bacterial osmotic stress response may play a role of 

adaption of specific pathogens to hostile environments. For instance, an 

outbreak of listeric septicemia was linked to the consumption of salted 

mushrooms stored at low temperatures (Junttila and Brander, 1989). The ability 

of Listeria monocytogenes to survive high salt concentrations and low 

temperatures was related to the accumulation of betaine and indeed, a BCC 

transporter BetL, highly specific for betaine, was identified for this organism 

(Sleator and Hill, 2001). For the halophilic facultative pathogen Vibrio cholerae, 

which inhabit marine and estuarine environments, OpuD belonging to the BCCT 

family was found. Although V. cholerae is devoid of the bet genes, betaine is 

accumulated by OpuD to counteract hyperosmotic stress. Furthermore, it was 

demonstrated that betaine excreted by other microorganisms leads to the 

surface attachment of V. cholerae and seems to facilitate survival of osmotic 

stress by the formation of microbial communities such as biofilms (Kapfhammer 

et al., 2005). In contrast, V. parahaemolyticus containing the betABI genes and 

several BCCTs showed a growth advantage over V. cholerae at high salinity and 

low temperature (Naughton et al., 2009). The nosocomial pathogen 

Pseudomonas aeruginosa comprises one betaine specific and two choline 

specific BCC transporters BetT2, BetT1 and BetT3, respectively (Malek et al., 

2011). Either betaine can be directly accumulated from the environment or the 

Bet enzymes convert choline into betaine. Choline can be derived in potential 

infection sites of the lungs, urinary tract, skin or eyes from abundant host 

molecules such as phosphatidylcholine, acetylcholine or phosphorylcholine 

(Magoon et al., 1982; Malek et al., 2011; Pesin and Candia, 1982). Moreover, a 

study demonstrated that the choline transporter and betIBA genes are among the 

most highly expressed genes in cystic fibrosis patients (Son et al., 2007). Choline 

seems to be actively acquired during lung infections and these transporters may 

have an impact in colonization of the lungs (Malek et al., 2011).  
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1.5.1 The genus of Acinetobacter  

Bacteria belonging to the genus Acinetobacter are strictly aerobic, gram-negative 

coccobacillary rods, which are non-motile, catalase positive and oxidase negative. 

These γ-proteobacteria were classified into the family of Moraxellaceae and are 

ubiquitous and widely distributed in the environment due to their high nutritional 

versatility. Acinetobacter can be found in soil, water and sewage but also on 

small-size organisms like body lice as well as on human skin (Berlau et al., 1999; 

La Scola and Raoult, 2004; Peleg et al., 2008) and include both, non-pathogenic 

and pathogenic species. In the past decades, especially Acinetobacter baumannii 

emerged as source for nosocomial infections in humans and obtained high 

clinical relevance due to its increasing multi-drug resistance. These human 

opportunistic pathogens show resistances against β-lactams, broad-spectrum 

cephalosporins, aminoglycosides and quinolones (Peleg et al., 2008). More 

recently, the increasing resistance against the last-line antibiotic Carbapenem 

was reported, which is further limiting the options for therapeutic treatments 

(Kempf and Rolain, 2012). A. baumannii strains are isolated up to 1 % of 

nosocomial infections mostly from immunosuppressed patients at intensive care 

units and are associated with high rates of morbidity and mortality due to 

pulmonary, urinary tract, bloodstream and surgical wound infections (Vallenet et 

al., 2008; Yamada et al., 2012). However, other Acinetobacter species like the as 

non-pathogenic referred A. baylyi strain ADP1 gained biotechnical importance 

because of its high competence in natural transformation (Elliot and Janik, 

1969). Due to the robust physiological properties and simple genetic 

manipulation, the complete genome of A. baylyi ADP1 was sequenced (Barbe et 

al., 2004; de Berardinis et al., 2009). The genome analysis revealed that about 

20 % of the genes in strain ADP1 are involved in catabolic function, which is 

allowing the transformation of a large variety of compounds during metabolic 

pathways turning A. baylyi into a model for metabolic system biology (Barbe et al., 

2004; de Berardinis et al., 2009). However, the comparison to the genome of the 

human pathogenic representative A. baumannii AYE revealed that the latter has 

even higher catabolic capacities than A. baylyi (Vallenet et al., 2008). In contrast, 

A. baylyi genome includes very few characteristics that are associated with 

pathogenesis, there were also reports of A. baylyi being isolated from clinical 

samples in hospitals (Chen et al., 2008). In addition, the genome of stain ADP1 
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comprises 10 % genes associated with transport functions, which is consistent 

with the metabolic versatility, but also play a role in the ability to adapt to 

changing environments. This is not only relevant for the soil bacterium but also 

for pathogenic representatives, which are able to survive prolonged periods also 

throughout hospital environments. The ability to colonize almost any surface 

persisting desiccation and moisture (Doughari et al., 2011; Vallenet et al., 2008) 

indicates tolerance of osmotic stress. Indeed, studies demonstrated, that A. 

baylyi is able to cope with different salinities tolerating concentrations up to 900 

mM NaCl (Sand et al., 2011). In order to counteract hyperosmotic stress, A. baylyi 

is able to synthetize the compatible solutes mannitol and glutamate de novo  

(Sand et al., 2013). However, in the presence of the compatible solute glycine 

betaine, the uptake of this quaternary ammonium compound is favored due to 

energetically reasons. Inspection of the genome revealed two genes encoding 

potential secondary betaine transporters, ACIAD2280 and ACIAD3460, belonging 

to the MFS and BCCT family, respectively (Sand et al., 2011). Deletion 

experiments identified the BCC transporter, later renamed into BetT3, as 

essential for betaine transport upon hyperosmotic stress in A. baylyi. Sequence 

analysis indicated similarities to the most prominent BCC transporter BetP from 

C. glutamicum. The sequence similarity suggests a sodium-coupled betaine 

uptake system for BetT3, even though the N-terminal domain is shorter and the 

C-terminal domain is almost three times longer as in BetP. Although it is not 

much known about the accumulation of compatible solutes of pathogenic 

Acinetobacter strains, BCC transporters were also found in A. baumannii 

suggesting an impact in the adaption of the opportunistic pathogens to osmotic 

stress conditions contributing to the virulence of these bacteria (Sand et al., 

2011). 
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1.6 Aim of the work 

The mechanism of transport regulation in the trimeric transporter BetP to 

counteract hyperosmotic stress in Corynebacterium glutamicum is still not 

described on a molecular level. The function of the terminal domains was already 

studied with respect to their osmoregulatory properties (Ott et al., 2008; Peter et 

al., 1998a). While the C-terminal domain was identified as a key player sensing 

the increase of the internal K+ concentration (Schiller et al., 2004), functional 

data investigating the role of the negatively charged N-terminal domain were less 

conclusive. Hence, one aim of this thesis was to shed light on the regulatory role 

of the negatively charged clusters of the N-terminal domain by mutagenesis and 

functional studies. In addition, potential interactions between the N-terminal and 

the C-terminal domains were investigated by cross-linking studies (Chapter 4).  

 

Previous functional studies suggest the trimeric architecture of BetP as a 

prerequisite for regulation (Perez et al., 2011a). Structural data obtained by 2D 

and 3D crystallization shows BetP as an asymmetric trimer with each protomer 

adopting a distinct transporter state (Perez et al., 2012; Tsai et al., 2011). These 

transporter states were interpreted as different conformations underlying the 

alternating access mechanism. The rather unusual conformational asymmetry 

suggests a regulatory crosstalk between the protomers within the trimer. 

However, the question arises if the occurrence of asymmetric trimers represents 

a physiologically relevant state with cooperatively working individual protomers in 

the BetP trimer. This would suggest that a fixed order of the different states 

detected in all crystal structures is pointing toward a consecutive cycling as it was 

observed in the multidrug efflux pump AcrB (Murakami et al., 2006; Seeger et al., 

2006). A biophysical approach to probe conformational changes was found in the 

PELDOR method that in combination with site-directed spin labeling allowed to 

study conformational cycling in a more native-like environment (Chapter 5). 

 

Another aspect of this thesis was to characterize novel betaine-choline-carnitine 

transporters. Due to the increasing clinical relevance of the pathogenic 

Acinetobacter species and the high gene orthology, the non-pathogenic 

representative Acinetobacter baylyi was selected as the subject for investigation. 
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The characterization of BCCTs has a strong impact on our understanding of the 

mechanism of persistence of pathogenic Acinetobacter. So far, only one of the 

three BCC transporters existing in A. baylyi was identified as an osmo-dependent 

betaine transporter (Sand et al., 2011). Thus, the aim was to express the other 

two transporters BetT1 and BetT2 heterologously in E. coli to enable functional 

characterization and to obtain first structural information on these transporters 

(Chapter 3). 
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2 Material and Methods 

 

2.1 Materials 

2.1.1 Instruments 

Äkta Explorer (GE Healthcare) 

Cary 50 UV-Vis Spectrometer (Varian) 

EPR Spectrometer EleXsys E580 (Bruker) 

Freeze fracture set-up: BAF 060 machine (Bal-Tec) 

MosquitoTM pipetting robot (TTP Labtech) 

NanoDrop 1000 (Peqlab) 

TPersonal Thermocycler (Biometra) 

Trans-Blot SD (Bio-Rad) 

TRI-CARB 1500 scintillation counter (Canberra-Packard) 

 

 

2.1.2 Chemicals 

Unless otherwise indicated, chemicals used in this work were purchased from 

Anatrace, Avanti, Bio-Rad, Glycon, Merck, Movarek Biochemicals Inc., New 

England Biolabs, Roth, Roche, Sigma-Aldrich® and Thermo Scientific Molecular 

Biology. 

 

 

2.1.3 Reagent kits 

PCR Purification Kit (Qiagen) 

QuikChange II® Site-Directed Mutagenesis Kit (Stratagene) 

QiaQuick Gel Extraction Kit (Qiagen) 

QIAprep Spin Miniprep Kit (Qiagen) 
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2.1.4 Column materials 

Superose 6 10/300 GL (GE Healthcare) 

Strep-Tactin® Macro-Prep resin (IBA GmbH) 

SP-Sepharose (GE Healthcare) 

Q-Sepharose (GE Healthcare) 

Ni-NTA Agarose (Qiagen) 

 

 

2.1.5 Media and Antibiotics 

2.1.5.1 LB medium 

Bacto-tryptone   10 g/l 

Bacto-yeast extract   5 g/l 

NaCl     10 g/l 

 

 

2.1.5.2 SOC medium 

Bacto-tryptone  20 g/l 

Bacto-yeast extract  5 g/l 

NaCl    10 mM 

KCl    2.5 mM 

MgCl2    10 mM 

MgSO4               10 mM  

Glucose    20 mM 

 

 

2.1.5.3 Antibiotics 

Carbenicillin               50 mg/ml 
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2.1.6 E. coli strains and vectors 

Table 2.1: E. coli strains 
E. coli strain Genotype Reference 

DH5αTM-T1R 

F- φ80lacZΔM15 Δ(lacZYA-argF)U169 recA1 
endA1 hsdR17(rk-, mk+) phoA supE44 thi-1 gyrA96 
relA1 tonA 
(confers resistance to phage T1) 

(Killmann et al., 
1996) 

MKH13 araD39 (argF-lac) U169 relA51 rps150 flbB5301 
deoC ptsF25 Δ(putPA)101 Δ(proP)2 Δ(proU) 

(Haardt et al., 
1995) 

XL-1 Blue recA1 endA1 gyrA96 thi-1 hsdR17 supE44 relA1 
lac [F’ proAB laclqZΔM15 Tn10 (Tetr)] Stratagene 

TOP10 
F– mcrA Δ(mrr‐hsdRMS‐mcrBC) Φ80lacZΔM15 
ΔlacX74 recA1 araD139 Δ(ara- leu) 7697 galU 
galK rpsL (StrR) endA1 nupG  

Invitrogen 

 
Table 2.2: Vectors 
Vector Resistance Properties Reference 

pASK-IBA5betP AmpR 

pASK-IBA5 with betP cloned 
over BsaI and HindIII 
restriction site; N-terminal 
Strep-tagII 

(Rübenhagen et 
al., 2000) 

pASK-IBA7betA 
ΔN29EEE44/45/46AAA AmpR 

pASK-IBA7 with betP 
ΔN29EEE44/45/46AAA 
cloned over BsaI and HindIII 
restriction site; N-terminal 
Strep-tagII 

(Ressl et al., 
2009) 

pBAD/HisA AmpR 
araBAD promotor ; N‐

terminal His6‐tag; araC gen Invitrogen 

pBAD/HisA_ACIAD1011 AmpR 
pBAD/HisA with betT1 
cloned over XhoI and PstI, 
N‐terminal His6‐tag 

M. Sand, Goethe 
University, Frankfurt 

pBAD/HisA_ACIAD1012 AmpR 
pBAD/HisA with betT2 
cloned over SacI and EcoRI, 
N‐terminal His6‐tag  

This study 

 

 
2.1.7 Oligonucleotide primers 

To mutate the betP sequence, primer sequences with exchanged nucleotides in 

the corresponding codons were designed.  
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Table 2.3: Primers for BetP constructs investigated in PELDOR studies 

Exchanged codons are underlined. Sense (s) and antisense (as) are listed. 

 
Table 2.4: Primers for N- and C-terminal BetP constructs 

Primer  Sequence (5’ to 3’) 
ED13/14AAs 
ED13/14AAas 

CCGATAGTGGCGGCTGCTCAGCCACAG 
CTGTGGCTGAGCAGCCGCCACTATCGG 

E24Cs 
E24Cas 

GAGCAAATTACCGCAACCTGCGAACTGGCGGGCTTG 
CAAGCCCGCCAGTTCGCAGGTTGCGGTAATTTGCTC 

EE24/25AAs 
EE24/25AAas 

ACCGCAACCGCAGCACTGGCGGGCTTG 
CAAGCCCGCCAGTGCTGCGGTTGCGGT 

E25Ca 
E25Cas 

ACCGCAACCGAATGCCTGGCGGGCTTGCTTGAG 
CTCAAGCAAGCCCGCCAGGCATTCGGTTGCGGT 

EEE45/46/47AAAs 
EEE45/46/47AAAas 

CTGGCCGACGCCGCAGCAGCAATTATCCTCGAA 
TTCGAGGATAATTGCTGCTGCGGCGTCGGCCAG 
 

R576Cs 
R576Cas 

CACAATGAACACCGCAAGTGTGAACTGGCTGCAAAG 
CTTTGCAGCCAGTTCACACTTGCGGTGTTCATTGTG 

R583Cs 
R583Cas 

CTGGCTGCAAAGCGATGCAGGGAGCGTAAGGCG 
CGCCTTACGCTCCCTGCATCGCTTTGCAGCCAG 

Exchanged codons are underlined. Sense (s) and antisense (as) are listed. 

 

Table 2.5: Primers for BetP constructs mimicking the glycine motif in BetT1 
Primer  Sequence (5’ to 3’) 
M150Is 
M150Ias 

ATGTTTGCTGCAGGTATAGGTATTGGTTTG 
CAAACCAATACCTATACCTGCAGCAAACAT 

G153As 
G153Aas 

GCAGGTATGGGTATTGCGTTGATGTTCTACGGAACC 
GGTTCCGTAGAACATCAACGCAATACCCATACCTGC 

M150I/G153As 
M150I/G153Aas 

TCCATGATGTTTGCTGCAGGTATCGGTATTGCGTTGATGTTCTAC 
GTAGAACATCAACGCAATACCGATACCTGCAGCAAACATCATGGA 

Exchanged codons are underlined. Sense (s) and antisense (as) are listed. 

 

Primer  Sequence (5’ to 3’) 
S140Cs 
S140Cas 

CCAGAGTTTCGCACGGTGTGCTGGATTTCCATGATG 
CATCATGGAAATCCAGCACACCGTGCGAAACTCTGG 

C140Ss 
C140Sas 

GAGTTTCGCACGGTGTCATGGATTTCCATGATG 
CATCATGGAAATCCATGACACCGTGCGAAACTC 

G450Cs 
G450Cas 

CTTCATGCACTTCCAGGTTGCCAAATCATGGGC 
GCCCATGATTTGGCAACCTGGAAGTGCATGAAG 

N488Cs 
N488Cas 

GGCCAGCTGGAAGCCTGCAAGTGGGTGACAGCTGCC 
GGCAGCTGTCACCCACTTGCAGGCTTCCAGCTGGCC 

K489Cs 
K489Cas 

CAGCTGGAAGCCAACTGCTGGGTGACAGCTGCC 
GGCAGCTGTCACCCAGCAGTTGGCTTCCAGCTG 

W490Cs 
W490Cas 

CTGGAAGCCAACAAGTGCGTGACAGCTGCCTGG 
CCAGGCAGCTGTCACGCACTTGTTGGCTTCCAG 

A514Cs 
A514Cas 

CTTTCTGGTGGTGACAATTGCTTGAGCAACTTGC 
GCAAGTTGCTCAAGCAATTGTCACCACCAGAAAG 

L515Cs 
L515Cas 

TCTGGTGGTGACAATGCCTGCAGCAACTTGCAAAAC 
GTTTTGCAAGTTGCTGCAGGCATTGTCACCACCAGA 

S516Cs 
S516as 

GGTGACAATGCCTTGTGCAACTTGCAAAACGTCACC 
GGTGACGTTTTGCAAGTTGCACAAGGCATTGTCACC 



MATERIAL & METHODS 

 48 

In order to clone the betT2 gen into the pBAD/HisA vector, primers with the 

respective restriction sites were designed.  

 
Table 2.6: Primers for BetT2 constructs 
Primer  Sequence (5’ to 3’) Description 

BetT2_SacIs ACTGCAGCCCTTGAGCTCTGTATGGA 
CAGATAATCCAAG 

Sense primer with SacI 
restriction site 

BetT2_EcoRIas ATTAGGATCGAATTCCCTAGGCTTTAG 
TCTGGAAATAGGCGG 

Antisense primer with EcoRI 
restriction site 

 

 

2.1.8 Crystallization screens 

MemGoldTM HT-96 Green Screen (Molecular Dimensions)  

JBScreen Classic 5-8 (Jena Bioscience) 

JBScreen Membrane 1-3 (Jena Bioscience) 

MbClass SuiteTM (Qiagen) 

MbClass Suite IITM (Qiagen) 

 

 

2.2 Molecular biological methods  

2.2.1 Polymerase chain reaction (PCR) 

The polymerase chain reaction is a technique to amplify template DNA in vitro 

(Mullis and Faloona, 1987) with synthetic DNA oligonucleotides (primer), which 

are complementary to the ends of the desired DNA fragment. PCR is a cyclic 

repetitive three-step reaction with denaturation of the DNA strand, annealing of 

the primers to the single-stranded DNA and elongation of the DNA primers at the 

3’-OH end by a thermo-stable DNA polymerase to synthetize a new 

complementary DNA strand. 

 

The PfuUltraTM DNA polymerase (Stratagene) was used to perform all PCRs to 

mutate the betP gene while for preparative PCR, Phusion DNA polymerase 

(Fermentas) was used. Pfu and Phusion DNA polymerase possess a 3’ – 5’ 

exonuclease proofreading activity to correct mutations produced during 

amplification. 
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Table 2.7: PCR mixture (Stratagene) 
Component Volume (µl) 
DNA template (5 - 15 ng) 5 
Primer sense (125 ng) 1.25 
Primer antisense (125 ng) 1.25 
PfuUltra polymerase reaction buffer (10x) 5 
dNTP mix (25 mM) 1 
H2Odd 35.5 
Pfu Ultra DNA Polymerase (2.5 U/µl) 1 

 
Table 2.8: Standard PCR program (Stratagene) 

Step Cycles Temperature Time 
Denaturation   1 95°C 30 sec 
Denaturation 18 95°C 30 sec 
Hybridization 18 55°C   1 min 
Elongation 18 68°C   4 min 
   1   4°C      ∞ 

 

Table 2.9: PCR mixture (Fermentas) 
Component Volume (µl) 
DNA template (10 ng) 1 
Primer sense (125 ng) 2.5 
Primer antisense (125 ng) 2.5 
Phusion HF reaction buffer (5x) 10 
dNTP mix (10 mM) 1 
DMSO (100 %) 1.5 
H2Odd 31 
Phusion DNA Polymerase (2 U/µl) 0.5 

 

Table 2.10: Touchdown PCR program (Fermentas) 
Step Cycles Temperature Time 
Denaturation   1 98°C 30 sec 
Denaturation 30 98°C 10 sec 
Hybridization 30 55°C + 1°C/cycle 30 sec 
Elongation 30 72°C   1 min 
Elongation   1 72°C 10 min 
   1   4°C     ∞ 

 

 

2.2.2 Site-directed mutagenesis 

Site-directed mutagenesis was performed with the QuickChange Site-directed 

Mutagenesis Kit II (Stratagen) according to the manufacturer’s instructions by 

using the corresponding PfuUltra DNA Polymerase described in Section 2.2.1. All 

obtained constructs were verified by nucleotide sequencing. 
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2.2.3 DNA cleavage by restriction endonucleases 

Hydrolytic cleavage of vectors (Table 2.2) and DNA inserts for cloning were 

performed by using restriction endonucleases from New England Biolabs (NEB). 

The reaction was incubated for 1.5 – 2 h at 37°C.  

 

Table 2.11: Restriction set-up 
Component Volume (µl) 
DNA (1000 ng) 10 
NEB buffer (10x) 5 
Enzyme 1 (10 U) 0.5 - 1 
Enzyme 2 (10 U) 0.5 - 1 
BSA (100x) 0.5 
H2Odd 33.5 – 32.5 
DNA (1000 ng) 10 

 

Cleaved vector and insert were purified according to the manufacturer’s 

instructions with PCR Purification Kit (Qiagen) or QiaQuick Gel Extraction Kit 

(Qiagen), respectively. 

 

 

2.2.4 Agarose gel electrophoresis 

Amplified DNA or cleaved vectors were analyzed by separation on an agarose gel. 

Therefore, DNA samples were mixed with 6x DNA sample buffer prior loading on a 

1 % agarose gel in TAE-buffer (Table 2.12). The electrophoresis was performed 1 

h at 100 V. To visualize DNA, Ethidium bromide (0.5 µg/ml) was added to the 

agarose gel. Ethidium bromide intercalates as an organic fluorescent dye with 

aromatic rings with the nucleotides of the DNA and can be illuminated at the 

excitation wavelength of λ = 312 nm. 

 
Table 2.12: TAE-buffer 

Component Concentration 
Tris-acetate, pH 8.0 40 mM 
Na2EDTA   1 mM 
Acetic acid 40 mM 
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2.2.5 DNA concentration determination 

Determination of the dsDNA concentration and purity was performed 

photometrical using the NanoDrop 1000. To calculate the DNA concentration, the 

optical density (OD) at the absorption maximum of 260 nm (OD260) was 

measured. For a pure dsDNA solution of 50 µg/ml, the reference value of 

OD260=1 have to be reached. Because tyrosine and tryptophan residues in co-

purified proteins absorb at 280 nm, the ratio of OD260 and OD280 (Warburg and 

Christian, 1942) estimates the purity of the DNA sample. A pure DNA sample 

without protein contaminations shows a reference value of OD260/OD280= 1.8 – 

2.0. 

 

 

2.2.6 Ligation of DNA fragments 

Prior to ligation vector and DNA insert have been cleaved by the corresponding 

restriction endonucleases to generate compatible ends. For ligation, 50 – 100 ng 

purified vector is incubated with a 5-fold molar excess of insert DNA and T4-

Ligase (200 U) in 10x T4-ligase buffer (Thermo Scientific Molecular Biology) for 1 

h at room temperature. Afterwards, the ligation reaction was transformed into 

competent E. coli XL-1 Blue cells. 

Test cleavage and nucleotide sequencing were performed to verify the correct 

insertion of the DNA fragment into the vector. 

 

 

2.2.7 Preparation and transformation of competent cells 

Chemically competent E. coli cells were produced by the method described by 

Chung (Chung et al., 1989) using TSS medium. 

An E. coli strain was grown in LB medium overnight (37°C, 180 rpm). The 

following day, the overnight culture was used to inoculate fresh LB media in a 

ratio of 1:100 and the culture was cultured to an early exponential phase (OD600 

0.3 – 0.4). Cells were transferred onto ice, splitted into 1 ml aliquots and 

harvested at 4500 rpm for 10 min at 4°C. Each cell pellet was resuspended in 

100 µl TSS medium and directly shock frozen in liquid nitrogen. The aliquots were 

stored at –80°C till use. 
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Table 2.13: TSS-Medium 
Component Concentration 
LB medium   - 
PEG 8000 10 % (w/v) 
DMSO   5 % (v/v) 
MgCl2 50 mM 
Glycerol 15 % (v/v) 

Sterilized by filtration 

 

For transformation, one aliquot of E. coli competent cells were thawed on ice, 

mixed with 100 ng of vector DNA and incubated for 30 min on ice. A heat shock 

at 42°C for 45 sec was performed to increase the transformation rate. After an 

incubation of the cells on ice for 2 min, 0.9 ml SOC medium was added and cells 

were further incubated at 37°C for 1 h shaking. This step allows the expression 

of the antibiotic-resistance gene located on the transformed vector and positive 

clones were selected by plating cells on a LB agar plate including the 

corresponding antibiotic as selection marker. The plate was incubated at 37°C 

overnight. 

 

 

2.2.8 Isolation of vector DNA 

Transformed E. coli cells were grown at 37°C overnight in 5 ml LB medium 

including the appropriate selection marker (50 µg/ml carbenicillin). After 16 h, 

cells were harvested at 4200 rpm for 10 min at 20°C. Vector DNA was isolated 

using the QIAprep Spin Miniprep Kit according to the manufacturer’s instructions. 

 

 

2.3 Biochemical methods 

2.3.1 Protein production of BetP WT and mutants 

Cell culture and protein purification was performed as described previously 

(Rübenhagen et al., 2000).  E. coli One Shot®Invitrogen DH5αTM-T1 cells 

(Killmann et al., 1996) were transformed with pASK-IBA5betP WT and mutants 

according to manufacturer’s instructions and used for the heterologous 

expression of strep-betP. Transformed cells were used to inoculate LB medium 

supplemented wit carbenicillin (50 µg/ml) and grown at 37°C and 180 rpm 
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overnight. At the following day 6 flasks of 1 – 2 l fresh LB medium (50 µg/ml 

carbenicillin) were inoculated with an OD600 of 0.15. Cells were grown at 37°C at 

120 rpm to an OD600 of 1.5 for an induction with 200 µg/l anhydrotetracycline. 

After reaching the stationary phase cells were harvested at 4200 rpm and 4°C 

for 15 min by centrifugation. Cell pellets were resuspended in CellbreakbufferBetP.  

 
Table 2.14: CellbreakbufferBetP 

Component Concentration 
Tris-HCl, pH 7.5 100 mM 
Pefabloc      1 mM 

 

 
2.3.2 Protein production BetT1 

The pBAD/HisA vector containing the gene assigned by the locus tag ACIAD1011 

(pBAD/HisA_ACIAD1011) cloned over XhoI and PstI restriction sites was kindly 

provided by Miriam Sand (Group Prof. Dr. Beate Averhoff, Goethe University, 

Frankfurt). The corresponding gene product is referred to as BetT1.  For 

heterologous expression the vector pBAD/HisA_ACIAD1011 was transformed into 

E. coli One Shot®TOP10 cells according to manufacturer’s instructions. 

Transformed cells were grown in LB medium supplemented with 50 µg/ml 

carbenicillin at 37°C and 180 rpm overnight. The following day, 6 flasks of 1 – 2 l 

LB medium (50 µg/ml carbenicillin) were inoculated with a OD600 of 0.2 and 

incubated at 37°C at 120 rpm to OD600 of 0.6 – 0.8 to initiate the induction with 

0.02 % arabinose. Cells were further cultured for 2 h. Cells were harvested by 

centrifugation at 4200 rpm for 15 min at 4°C and cell pellets were resuspended 

in CellbreakbufferBetT1. 

 
Table 2.15: CellbreakbufferBetT1 

Component Concentration 
Tris-HCl, pH 7.5 20 mM 
NaCl 50 mM 
Glycerol 10 % 
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2.3.3 Cell disruption 

2.3.3.1 Cell disruption using the microfluidizer 

Smaller cell volumes up to 50 ml were disrupted by the microfluidizer (Model M-

110L, Microfluidics Corp.). The cells are pressed at a pressure of 7 kbar through 

a narrow nozzle (0.5 mm in diameter) and lysed due to the high pressure leading 

to shearing forces by leaving the nozzle. During cell disruption an increase of 

temperature is avoided by precooling the microfluidizer with ice. 

 

 

2.3.3.2 Cell disruption using the cell disrupter  

Disruption of cell volumes more than 100 ml was performed with the cell 

disrupter (Constant systems), which operates like a French Press and 

microfluidizer in combination. The cells are pressed at a high pressure of 1.8 

kbar through a needle valve and clash with a high velocity on a sloped plate.  

 

 

2.3.4 Protein purification 

2.3.4.1 Membrane preparation 

For E. coli membrane isolation, broken cells were centrifuged by low spin 

centrifugation at 12500 rpm for 35 min at 4°C to remove cell fragments. As 

second step, membranes were isolated by ultracentrifugation for 1 h at 45000 

rpm at 4°C. The membrane pellet was resuspended in Solubilizationbuffer to a 

total protein concentration of 10 mg/ml and were frozen in liquid nitrogen before 

storage at -80°C. 

 
Table 2.16: Solubilizationbuffer 

Component Concentration 
Tris-HCl, pH 7.5 50 mM 
Glycerol 17.2 % 
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2.3.4.2 Solubilization 

To isolate the membrane protein of interest for further purification steps, 

membranes were solubilized with detergents. 
 

Membranes containing BetP (10 mg/ml) were thawed and the same volume 

Solubilizationbuffer including 2 % DDM were dropwise added to the membranes 

incubated on ice constantly stirred. After 20 – 30 min, 200 mM NaCl is 

additionally added and followed by further incubation for 30 min at room 

temperature. To remove the unsolubilized fraction, the solubilisate was 

centrifuged at 45000 rpm for 35 min at 4°C.  

 

Solubilization of BetT1 was performed by adding 2 % DDM directly to the 

membranes (10 mg/ml). Membranes were incubated for 1 h on ice under 

constantly stirring before the addition of 200 mM NaCl. After 1 h further 

incubation, the solubilisate was ultracentrifuged at 45000 rpm for 35 min at 

4°C. 

 

 

2.3.4.3 StrepTactin®-affinity chromatography  

Recombinantly expressed BetP WT and mutants harbor a N-terminal Strep-tag®II 

(WSHPQFEK, IBA (Schmidt et al., 1996)) which allow protein isolation by a column 

packed with StrepTactin®. The Strep-tag®II including the protein of interest is able 

to bind exclusively to the StrepTactin® resin while other proteins not. D-

Desthiobiotin, which counteracts with a higher affinity the binding of the Strep-

tag®II to the StrepTactin® is applied to elute the Strep-tag®II fusion protein. To 

regenerate the StrepTactin®, HABA is loaded on the column and the removal of d-

Desthiobiotin is indicated by a color change to deep orange.    

 

Solubilized membranes containing BetP were loaded on a preequilibrated 3 ml 

StrepTactin® column with a flow rate of 1 drop/5 sec overnight. Prior to loading, 1 

mM DTT was added to the solubilisate for PELDOR application. The next day, 3 

washings steps with first 20 column volumes (CV) buffer A with 0.05 % DDM, 

followed by 20 ml high salt buffer B with 0.6 % Cymal-5 and again 20 ml buffer A 
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with 1.2 % Cymal-5 for detergent exchange were applied, if protein was used for 

crystallization. Protein for PELDOR and reconstitution was washed once with 40 

CV of buffer A with 0.1 % DDM. The protein was eluted with buffer A with 5 mM d-

Desthiobiotin containing either 1.2 % Cymal-5 or 0.1 % DDM for crystallization or 

PELDOR application, respectively. Fractions from 1 ml to 200 µl were collected, 

checked for protein content by Bradford assay (Bradford, 1976) and fractions 

with high protein concentration were pooled. All purification steps were 

performed at 4°C. 

 
Table 2.17: StrepTactin®-affinity chromatography buffers 

Buffer Component Concentration 
A Tris-HCl, pH 7.5   50 mM 
 NaCl 200 mM 
 Glycerol   8.6 % 
B Tris-HCl, pH 7.5   50 mM 
 NaCl 500 mM 
 Glycerol    8.6 % 

 

 

2.3.4.4 Immobilized Metal Ion Affinity Chromatography (IMAC) 

For isolation of the recombinantly expressed BetT1 fused N-terminally to a hexa-

histidine tag (His6-tag), Ni2+-conjugated agarose beads (Qiagen) packed into a 

column were used. The desired protein binds by formation of a chelate complex 

between the Ni2+ ions and two histidine residues within the His6-tag. This 

coordination can be displaced by elution with imidazole.  

 

The supernatant of the solubilized membranes containing BetT1 was loaded on a 

preequilibrated 5 ml Ni2+ agarose column with a flow rate of 1 drop/5 sec. Two 

washing steps were applied with first 10 CV IMAC buffer with 0.1 % DDM followed 

by 10 CV IMAC buffer with 0.1 % DDM and 5 mM imidazole to remove unspecific 

bound proteins. Protein was eluted with a stepwise increase of imidazole from 5 

mM to 150 mM per 2 CV in IMAC buffer with 0.1 % DDM. Fractions were collected 

and tested for protein content via Bradford assay. Fractions were checked 

additionally for contaminations by SDS-PAGE (Section 2.3.7.1) and aliquots with 

minor contaminations were pooled. 
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Table 2.18: IMAC buffer 
Component Concentration 
Tris-HCl, pH 7.5   25 mM 
NaCl 200 mM 
Glycerol   10 % 

 

 
2.3.4.5 Ion-exchange chromatography (IEX) 

As a further purification step for proteins, ion-exchange chromatography can be 

performed. In this method, proteins are separated according to their net surface 

charge by binding to the column matrix with the opposite charge. The net charge 

of the protein is depending on the condition of the mobile phase. To elute the 

bound protein, the condition of the mobile phase is changed, most frequently by 

increasing the ionic strength (salt concentration). Consequently, salt ions will 

compete with the bound protein. Alternatively, conditions can be chosen to 

maximize the binding of contaminants, whereas the protein of interest passes 

through the column. 

 

For further purification of BetT1 after IMAC, a cation-exchanger and an anion-

exchanger, SP-Sepharose and Q-Sepharose, respectively, were tested. After 

equilibration of the respective columns with IEX buffer with 0.1 % DDM, the 

protein sample was loaded 2 – 3 times on the column. One washing steps was 

applied with 10 CV IEX buffer with 0.1 % DDM. Subsequent elution of the protein 

was performed by the stepwise increase of the NaCl concentration from 25 – 

125 mM per 2 CV in IEX buffer with 0.1 % DDM. Flow trough and elution fractions 

were analyzed for protein content via the Bradford assay as well as by SDS-PAGE 

(Section 2.3.7.1). Fractions containing BetT1 were pooled. 

 

Table 2.19: IEX buffer 
Component Concentration 
Tris-HCl, pH 7.5   25 mM 
NaCl 25 mM 
Glycerol   10 % 
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2.3.4.6 Size-exclusion chromatography (SEC) 

As further purification step for BetP crystallization, but also to remove imidazole 

after IMAC in case of BetT1, or to remove unbound spin label for PELDOR studies, 

preparative SEC was performed. For each application a Superose 6 10/300 

column connected to a Äkta system was preequilibrated with the appropriate 

degassed Gelfiltration buffer (Table 2.20). 500 µl protein solution was loaded 

with a maximum concentration of 10 mg/ml onto the column and the flow rate 

was set to 0.3 - 0.4 ml/min. To detect the elution of the protein, the absorption at 

280 nm was monitored while fractions of 300 – 400 µl were collected. Fractions 

with high protein content from the corresponding monodisperse peak were 

pooled. 

 
Table 2.20: Gelfiltration buffers 

Protein Application Component Concentration 
BetP Crystallization Tris-HCl, pH 7.5   25 mM 
  NaCl 200 mM 
  Cymal-5   0.6 % 
BetP/ PELDOR/ Tris-HCl, pH 7.5   25 mM 
BetT1 Crystallization NaCl 200 mM 
  DDM   0.1 % 

 

 

2.3.5 Protein concentration 

Protein was concentrated by centrifugation at 4°C using Vivaspin (Sartorius, MW 

cut-off 50 kDa) and Amicon Ultra (Millipore, MW cut-off 30 kDa) concentrator 

tubes according to manufacturer’s instructions. 

 

 
2.3.6 Determination of protein concentration 

2.3.6.1 Bradford assay 

The Bradford assay (Bradford, 1976) was applied for determination of the total 

protein concentration of a membrane or purified protein solution. As a 

component of the Bradford reagent (Sigma), the Coomassie Brilliant Blue G250 

dye binds to basic amino acids (Arg, His, Lys) and interacts with hydrophobic 

amino acids (Phe, Tyr, Trp). As a result, the anionic form of the dye is stabilized 
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which is leading to a bathochromic shift of the absorption from 465 nm without 

bound protein to 595 nm with bound protein. The intensity of the blue coloration 

is directly proportional to the protein concentration. Diluted BSA with known 

concentration was used to prepare a standard curve, which allows the calculation 

of the unknown concentration of a protein sample by measuring the absorption 

at 595 and 465 nm. 

 

 
2.3.6.2 Amido Black assay 

To estimate the concentration of protein, reconstituted into liposomes, the Amido 

black assay (Schaffner and Weissmann, 1973) was applied. The total protein 

concentration down to 0.75 µg/ml can be measured with this colorimetric 

method. The qualitatively precipitated protein by trichloroacetic acid (TCA) is 

collected on membrane filters and stained with Amido black.  

 

A 5 µl proteoliposome sample, diluted to the final volume of 225 µl with water, 

was mixed with denaturating buffer. Protein was precipitated by adding 90 % TCA 

(v/v). After mixing, the sample is incubated at room temperature for maximum 5 

min. A filter (Millipore, HAWP02500, Ø 0.45 µm) was marked with circles for 

sample application and rinsed with water while suction was applied via a 

connected vacuum pump. 200 µl sample was loaded on each circle and directly 

washed with the same volume of 6 % (v/v) TCA. After all samples were applied 

the filter was rinsed completely with 1 – 2 ml of 6 % (v/v) TCA. The filter was 

stained for 2 – 3 min in Amido black solution, rinsed with water and then washed 

2 – 3 min with destaining solution. The blue appearing spots containing protein 

were cut out and incubated with 1 ml of elution solution in a test tube at room 

temperature shaking for 10 min. The ODs of these samples as well as the 

prepared BSA standard curve (concentration range of 0 µg to 10 µg) were 

measured at 630 nm to calculate the protein concentration.  
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Table 2.21: Amido black buffers 
Solution Component Concentration 
Denaturating  Tris-HCl, pH 7.4     1 M 
 SDS     2 % (w/v) 
Amido black  Amido black 0.25 % (w/v) 
 Methanol    45 % (v/v) 
 Glacial acetic acid    10 % (v/v) 
Destaining Methanol    90 % (v/v) 
 Glacial acetic acid      2 % (v/v) 
Elution NaOH    25 mM 
 Na2EDTA    50 µM 
 Ethanol    50 % (v/v) 

 
 

2.3.7 Polyacrylamide gel electrophoresis (PAGE) 

2.3.7.1 Denaturing SDS-PAGE 

Discontinuous SDS-PAGE under denaturing conditions was used to analyze the 

purity of a protein sample or production levels of protein of whole cell extracts 

according to Laemmli (Laemmli, 1970). Either 10 % or 12.5 % separating gels 

with 4 % stacking gels were prepared and stored until use at 4°C. 

 
Table 2.22: SDS-PAGE gel mixture for 5 gels 

Component     4 % Stacking gel 10/12.5 % Separating gel 
0.5 M Tris-HCl, pH 6.8      5 ml               - 
1.5 M Tris-HCl, pH 8.8        -             7.5 ml 
40 % Acrylamide      2 ml      7.5/9.4 ml 
10 % SDS 200 µl            300 µl 
H2Odd   10 ml 14.7/12.7 ml 
TEMED   20 µl              25 µl 
10 % APS 100 µl            100 µl 

 
The samples were mixed prior to electrophoresis with 4x sample buffer 

containing the anionic detergent SDS that denatures, linearizes and charges the 

proteins. For non-reducing SDS-PAGE, the sample was mixed with 4x sample 

buffer lacking the reducing reagent DTT. For electrophoresis, 80 V was applied 

until the sample enters the stacking gel, afterwards the voltage was increased to 

120 V for approximately 1.5 h. Gels were used either for Western Blot or stained 

with Coomassie according to Studier (Studier, 2005). Therefore, the gel was 

boiled up in Solution I. After 10 min incubation under shaking at room 

temperature, Solution I was exchanged against Solution II with Coomassie 
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brilliant blue R250 solution. After the second heating, the stained protein bands 

appeared within some minutes and washing with water stopped staining. 
                                        
Table 2.23: SDS-PAGE buffers 

Buffer Component Concentration 
Running Tris-HCl, pH 7   25 mM 
 Glycine 200 mM 
 SDS   0.1 % (w/v) 
4x Sample  Tris-HCl, pH 8 100 mM 
 SDS   10 % (w/v) 
 Glycerol   10 % (v/v) 
 Bromphenol blue   1.6 % (w/v) 
 ± DTT   0.64 M 

                                        

Table 2.24: Coomassie staining solutions 
Solution Component Concentration 
I Ethanol   50 % (v/v) 
 Acetic acid   10 % (v/v) 
II   Ethanol     5 % (v/v) 
 Acetic acid   7.5 % (v/v) 
Coomassie stock Ethanol    95 % (v/v) 
 Coomassie brilliant blue R250 0.25 % (w/v) 

 

 
2.3.7.2 Blue-Native-PAGE 

To analyze undenatured proteins after purification, discontinuous Blue-Native 

(BN)-PAGE (Schägger and von Jagow, 1991) was performed using Coomassie 

blue G250, which induces a charge shift on the protein. 

 

Before loading, the sample was mixed with loading dye and 4 – 16 % 

polyacrylamide Tris glycine gels (Invitrogen) were used. The electrophoresis was 

performed for 1 h at 100 V and 3 h at 200 V. 
                                        
Table 2.25: BN-PAGE buffers 

Buffer Component Concentration 
Anode Bis Tris, pH 7    50 mM 
Cathode  Tricine    50 mM 
 Bis Tris, pH 7    15 mM 
 Coomassie Blue G250 0.02 % (w/v) 
Loading dye Coomassie Blue G250      5 % (w/v) 
 Glycerin    10 % (v/v) 
 Bis Tris, pH 7  100 mM 
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2.3.8 Western blot analysis 

Western blot analysis was performed for immuno-detection of proteins separated 

by SDS-PAGE. Therefore, proteins from an SDS gel were transferred to a PVDF 

membrane (Millipore) via the ’’semi-dry’’ method (Kyhse-Andersen, 1984). 

Afterwards the target protein can be detected with specific antibodies. 

The methanol-activated PVDF membrane and SDS gel were arranged between 

transfer buffer soaked 3MM filter paper (Whatman). Blotting was carried out in a 

Western Blot machine for 30 min at 15 V. Afterwards, the PVDF membrane was 

incubated for 1 h at room temperature in blocking buffer to prevent unspecific 

antibody binding. For immuno-detection, the PVDF membrane was washed 3 

times with TBS buffer and incubated with the first antibody for 1.5 h at room 

temperature or overnight at 4°C. For BetP, in mouse produced anti-Strep-tagII 

IgG1 (IBA, 1:3000 dilution in TBS buffer) and for BetT1 in mouse produced 

monoclonal anti-polyHistidine antibody (Sigma, 1:2500 dilution in TBS buffer) 

was applied. Prior to the exchange against the second antibody, the membrane 

was washed 3 times with TBS buffer. The Anti-mouse IgG alkaline phosphatase 

conjugated antibody (Sigma, 1:5000 dilution in TBS buffer) produced in rabbit 

was used as second antibody and additionally incubated for 1 h at room 

temperature. After the PVDF membrane was washed subsequently with TBS 

buffer, one tablet SigmaFastTM BCIP/NBT (Sigma) dissolved in 10 ml water was 

added until the specific protein bands were visualized. The PVDF membrane was 

washed with water to stop the reaction.  

  
Table 2.26: Western blot buffers 

Buffer Component Concentration 
Transfer Tris-HCl, pH 8    25 mM 
 Glycine    10 mM 
 Methanol    10 % (v/v) 
 DTT 0.25 mM 
TBS Tris-HCl, pH 7.5       5 % (v/v) 
 NaCl    7.5 % (v/v) 
Blocking TBS buffer       1 x 
 BSA/milk powder   3/5 % (w/v) 
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2.3.9 Protein reconstitution 

2.3.9.1 Protein reconstitution for transport measurement 

Functional reconstitution of BetP WT and mutants as well as BetT1 were 

performed as described by Rigaud and Rübenhagen (Rigaud et al., 1995; 

Rübenhagen et al., 2000) using E. coli polar lipid extract (Avanti). Therefore, an E. 

coli polar lipids aliquot in chloroform:methanol was dried under a nitrogen stream 

and subsequently resuspended in the corresponding lipid buffer to a 

concentration of 20 mg/ml. Aliquots of 800 µl were frozen in liquid nitrogen and 

stored at -80°C until use. 

After thawing, one aliquot E. coli polar lipids were prepared by extrusion through a 

filter (polycarbonate membrane, pore size Ø 400 nm, Avestin) and diluted 1:4 

with lipid buffer. In case of crosslinking studies, lipid buffer without the reducing 

agent was used. The solution was further titrated with 10 % (w/v) Triton-X-100 to 

the start of solubilization while measuring the absorbance at 540 nm. Afterwards, 

purified BetP or BetT1 was added to the lipid solution in a lipid to protein ratio 

(LPR) of 30:1. Prior to the addition of BioBeads® SM-2 (Bio-Rad) at ratios (w/w) 

of 5 (BioBeads/Triton X-100) and 10 (BioBeads/DDM), the lipid protein mixture 

was incubated for 30 min at room temperature. The BioBeads were added in 5 

steps to remove detergent, whereas the last step was performed overnight at 

4°C. At the next day, the proteoliposomes were washed twice with lipid buffer by 

centrifugation at 70000 rpm at 20°C for 20 min. Finally, the proteoliposomes 

were resuspended in lipid buffer to a concentration of 60 mg/ml before freezing 

in liquid nitrogen. Aliquots of proteoliposomes were stored at -80° 

 

Table 2.27: Lipid buffers for reconstitution for transport measurements 
Protein Component Concentration 
BetP KPi, pH 7.5 100 mM 
 TCEP      2 mM 
BetT1 KPi, pH 7.5 100 mM 

 

 

2.3.9.2 Protein reconstitution for PELDOR  

For PELDOR application, E. coli polar lipids were dried under a nitrogen steam 

and resuspended subsequently in the corresponding lipid buffer to the final 
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concentration of 20 mg/ml. Lipids were split in 800 µl aliquots and frozen in 

nitrogen for storage at -80°C until use.  

For reconstitution of spin labeled BetP mutants, several aliquots of E. coli polar 

lipids were thawed, extruded through a polycarbonate membrane filter (pore size 

Ø 400 nm, Avestin), diluted and titrated to the onset of solubilization by adding 

10 % (w/v) Triton X-100. Spin labeled protein was added to the lipid solution with 

a LPR of 20:1 and incubated for 30 min at room temperature. Afterwards, the 

lipid protein solution was transferred into a dialysis membrane (MW cut-off 12 – 

14 kDa, Spectrumlabs). BioBeads® SM-2 (Bio-Rad) at ratios (w/w) of 5 

(BioBeads/Triton X-100) and 10 (BioBeads/DDM) were added to the dialysis 

buffer in 4 steps. The last step was performed overnight at 4°C. The following 

day, the proteoliposomes were centrifuged for 20 min at 75000 rpm and 20°C. 

One half was resuspended before extrusion in Tris_inactive, the other part in 

Tris_activein buffer. After the next centrifugation (100000 rpm, 20°C, 20 min), 

the proteoliposomes were resuspended accordingly in Tris_inactive or 

Tris_activeout buffer to a maximum volume of 75 µl. The samples were used to 

determine the spin label concentration by cw-EPR, prior to the investigation by 

PELDOR. 
                                        
Table 2.28: Reconstitution buffers for PELDOR 

Buffer Component Concentration 
Lipid Tris-HCl, pH 7.5 200 mM 
Tris_inactive Tris-HCl, pH 7.5 200 mM 
(in D2O) NaCl 500 mM 
Tris_activein Tris-HCl, pH 7.5 200 mM 
(in D2O) KCl 300 mM 
Tris_activeout Tris-HCl, pH 7.5 200 mM 
(in D2O) NaCl 300 mM 
 Proline 350 mM 
 Betaine      5 mM 
 Valinomycin      1 mM 

 

 

2.3.10  Transport measurements 

2.3.10.1 Transport measurements in E. coli MKH13 cells 

Uptake measurements of [14C]-labeled substrates in E. coli MKH13 cells lacking 

endogenous transporter for compatible solutes were performed as described 

previously (Ott et al., 2008). E. coli MKH13 were first transformed with the 
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according vector DNA for expression of strep-betP variants, His-betT1 and His-

betT2. The transformed E. coli MKH13 were cultivated in LB supplemented with 

50 µg/ml carbenicillin. Protein production of BetP variants were induced through 

the addition of 200 µg/l AHT at an OD600 of 0.5 and cells were harvested after 2 

h. Cells were washed in buffer Ax and finally resuspended in buffer Ax containing 

20 mM glucose to an OD600 of 2. Protein production of BetT1 as well as BetT2 

was induced at OD600 0.6 - 0.8 by adding 0.02 % arabinose and cells were further 

cultivated for 2.5 h. Next, cells were washed with buffer Ax with or without 100 

mM NaCl and resuspended in the same buffer with additional added 30 mM 

glucose to an OD600 of 3. Prior to the incubation of cells for 3 min at 37°C, cells 

were diluted 1:1 with the corresponding buffer for uptake measurements. Uptake 

was started by the addition of 250 – 500 µM [14C]-labeled substrates. For Km and 

Vmax determination, the concentration of the [14C]-labeled substrates was varied 

and different external osmolalities were adjusted by the addition of KCl. At 

various intervals, samples were passed through glass fiber filters (Millipore), 

washed twice with 2.5 ml 0.6 mM KPi buffer and the radioactivity retained on the 

filters were subsequently determined by a scintillation counter TRI-CARB 1500 

(Canberra-Packard). For data analysis, Michaelis-Menten kinetics were applied 

for curve fitting of the uptake rates versus the substrate concentration with 

GraphPad Prism version 5.0c for Mac OS X, GraphPad Software (Motulsky, 1999).  

 
Table 2.29: Buffers applied for E. coli MKH13 cell transport measurements 

Buffer Component Concentration 
KPi, pH 7.5 K2HPO4 814 mM 
 KH2PO4 186 mM 
Ax KPi, pH 7.5   25 mM 
 ± NaCl 100 mM 

 

 
2.3.10.2 Transport measurements in proteoliposomes 

Uptake measurements of [14C]-labeled glycine betaine were performed as 

described previously by Rübenhagen (Rübenhagen et al., 2000). Therefore, 

proteoliposomes were extruded in internal buffer through a filter with a pore size 

of 400 nm (polycarbonate membrane, Avestin), collected by centrifugation 

(70000 rpm, 20 min, 20°C) and subsequently resuspended to a lipid 
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concentration of 60 mg/ml. For crosslinking studies, to prevent reduction, the 

standard internal buffer was used for extrusion. To reduce cysteine disulfide 

bonds, internalred buffer was applied during extrusion. Uptake measurements 

were initiated by diluting proteoliposomes in a ratio of 1:200 in osmotic buffer 

containing 15 µM [14C]-labeled glycine betaine as substrate and valinomycin 

creating an outward driven K+ diffusion potential. The external osmolalities of the 

osmotic buffer were adjusted by adding proline. At time points of 5 and 10 sec, 

samples were filtered through 0.22 µM nitrocellulose filters (Millipore) and 

washed once with 2 ml of 100 mM LiCl. Determination of [14C]-glycine betaine, 

which was incorporated into the proteoliposomes during uptake, was performed 

by scintillation counting. 

 
Table 2.30: Buffers applied for transport measurements in proteoliposomes 

Buffer Component Concentration 
internal KPi, pH 7.5 100 mM 
internalred KPi, pH 7.5 100 mM 
 TCEP      2 mM 

 

 

2.3.11  Crosslinking via disulfides 

The effect of site-directed crosslinking on the oligomerization and regulation were 

investigated for N- and C-terminal BetP mutants. Therefore, the property of 

cysteine residues was used, which crosslink by the formation of disulfide bridges 

under oxidative conditions, if two residues are localized close to each other. 

Furthermore, the disulfide bound could be cleaved easily by the addition of a 

reducing agent. 

Crosslinking was performed for purified protein or protein within the E. coli 

membranes. For the oxidation of the cysteine residues, 100 µg or for 

reconstitution 500 µg protein was mixed with 100 µM CuPh (copper-o-

phenanthroline). To 150 µg membranes were added either 100 µM or 1 mM 

CuPh. Samples were incubated for 1 h at room temperature. By the addition of 2 

mM TCEP, the reverse effect leading to the reduction of disulfide bond was 

obtained. Oxidized or reduced samples were mixed with non-reducing sample 

buffer (Table 2.23) for SDS-PAGE and could be further analyzed by immuno-
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blotting against the N-terminal Strep-tag®II. Oxidized protein was then used for 

reconstitution into liposomes. 

 

 

2.3.12  Site-directed spin labeling and detergent sample preparation   

The basic requirements to study biomacromolecules with diverse EPR techniques 

are paramagnetic centers in form of unpaired electrons. Because the natural 

occurrence of these paramagnetic centers is limited, site-directed spin labeling 

(SDSL) provides assistance in the investigation of proteins. Therefore, amino 

acids at desired position within the protein sequence have to be replaced into 

cysteine residues by site-directed mutagenesis. During spin labeling, sulfhydryl 

groups of the cysteine residue react by the formation of disulfide bounds with the 

functional group of the spin label. 

For BetP cys-mutant protein, derived from StrepTactin®-affinity chromatography, 

first a buffer exchange into labeling buffer was performed using a PD-10 

desalting column (GE Healthcare) according to manufactur’s instruction by the 

spin protocol. Next, protein was diluted to the concentration of 1.5 mg/ml and 

the 30-fold molar access of the spin label MTSL or MMTSL (Toronto Research 

Chemicals) dissolved in DMSO or methanol, respectively, was added. Spin 

labeling was conducted over night in batch at 4°C. Next day, the free spin label 

was removed by SEC as described in Section 2.3.4.6. After SEC, protein was 

either used for reconstitution of labeled protein (Section 2.3.9.2) or further 

prepared for measurements directly performed in detergent. Therefore, protein 

was split to exchange buffer via ZebaTM Spin Desalting Columns (Thermo 

Scientific) into Tris_activeDDM and Tris_inactiveDDM buffer. Protein was 

concentrated up to 15 mg/ml and final protein concentration was determined by 

Bradford assay. Prior to PELDOR measurements, room temperature cw 

(continuous wave) –EPR was performed to elucidate the spin label concentration. 
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Table 2.31: Buffer conditions for SDSL and PELDOR 
Buffer Component Concentration 
Labeling Tris-HCl, pH 7   50 mM 
 NaCl 200 mM 
 DDM   0.1 % (w/v) 
Tris_inactiveDDM Tris-HCl, pH 7.5   25 mM 
(in D2O) NaCl 500 mM 
 DDM   0.1 % (w/v) 
Tris_activeDDM Tris-HCl, pH 7.5   25 mM 
(in D2O) NaCl 200 mM 
 KCl 300 mM 
 Betaine   10 mM 
 DDM  0.1 % (w/v) 

 

 

2.4 Biophysical methods 

2.4.1 Freeze fracture electron microscopy 

In Freeze fracture, a frozen biological sample is fractured and by building a 

replica of the fractured surface using vacuum-deposition of platinum/carbon, 

structural details of the fractured plane could be visualized in electron 

microscopy. 

A proteoliposome sample was pelleted by centrifugation and pipetted between 

two cooper plates. The sample was rapidly frozen in liquid ethane at -180°C and 

transferred into liquid nitrogen. The frozen sample was fractured using a BAF 060 

machine (Bal-Tec) at a temperature of -130°C and a pressure of 1.5 x 10-7 mbar. 

To make the replica, the fractured planes were vaporized with platinum/carbon 

first and with pure carbon afterwards. As a next step, the replica was cleaned in 

40 – 50 % (v/v) of chromosulfuric acid (2 – 5 % Na2Cr2O7 in ~ 90 % H2SO4) for 16 

h at room temperature to remove the biological material. The next day, the 

replicas were washed with water and investigated in an EM208S electron 

microscope (FEI Company, USA) at 80 kV. Images were collected on a 1K & 1K 

slow-scan CCD camera (Tietz Video & Image Processing Systems) with 1024 x 

1024 pixel. All required steps for Freeze fracture were performed by Susann 

Kaltwasser at the MPI of Biophysics. 
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2.4.2 X-ray crystallography 

X-ray crystallography is the most powerful method to obtain the three-

dimensional structures of proteins at atomic resolution. A purified protein sample 

is crystallized and the resulting crystals are exposed to an X-ray beam generating 

a diffraction pattern. The diffraction pattern is a two-dimensional array of spots 

due to the scattered radiation by the diffraction lattice of the highly regular 

arranged molecules in the crystal. This pattern is processed further and the 

intensity of the spots are used to determine the “structure factors” to calculate 

the electron density map from which the molecular structure of the protein can 

be built. 

 

 

2.4.2.1 Crystallization 

The challenging task in protein structure determination by crystallography is to 

obtain crystals diffracting at high resolution. During the crystallization process, 

crystal grow from aqueous protein solution under supersaturating conditions 

(Chayen, 2004). The phase diagram (Figure 2.1) represents how the protein 

concentration is related to an adjustable parameter like the precipitant 

concentration (salts, organic compounds and polyethylene glycol polymers). In 

the unsaturated region, low protein and low precipitant concentration prevent 

crystal grow, because the protein is fully dissolved. In contrast, too high protein 

as well precipitant concentration lead to protein precipitation characterized by 

the precipitation zone. In the nucleation zone, adequate high concentrations of 

protein and precipitant induce spontaneous nucleation starting crystal formation. 

During crystal growth, protein concentration drops to the metastable zone. This is 

the best region for the growth of well-ordered and stable crystals (Chayen, 2004). 

The metastable zone is separated from the region of undersaturation by the 

solubility curve. 

 



MATERIAL & METHODS 

 70 

 
Figure 2.1: Phase diagram for protein crystal growth. 
The crystallization can be illustrated as a phase diagram, which is divided in four zones 
representing different degrees of supersaturation. In the precipitation zone, the protein 
will precipitate. In the nucleation zone, spontaneous crystal nucleation occurs. In the 
metastable zone, crystals are formed and in the zone of undersaturation, the protein will 
never crystallize. As adjustable parameter can be varied the concentration of precipitant 
and additives, pH, temperature and other parameters versus the protein concentration 
(adapted from Chayen, 2004). 
 

Protein crystallization demands a slow change of the precipitant concentration, 

which is ensured by the widely used method of vapor diffusion in form of sitting 

as well as hanging drop (Chayen and Saridakis, 2008). The latter set-up was 

applied in this work. Here, the protein solution in the drop is mixed with a suitable 

buffer and precipitant. In a closed system, the drop equilibrates against the 

reservoir containing the similar buffer and precipitant in higher concentration 

(Figure 2.2). The precipitant concentration in the droplet is initially insufficient for 

crystallization. Because the concentration in the bigger reservoir solution is 

higher, water evaporates gradually from the drop to the reservoir increasing the 

concentration to an optimal condition for crystallization. This optimal level in 

equilibrium is maintained until the crystallization process finished (McRee, 

1993). 
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Figure 2.2: Schematic representation of the vapor diffusion method as hanging drop for 
crystallization. 
Reservoir solution (blue pattern) contains suitable buffer and precipitant in appropriate 
concentration. The protein solution is mixed with the same reservoir solution comprising 
consequently a lower concentration. The protein/reservoir mix is placed as a drop on an 
inverted coverslip opposite to the reservoir. In a closed system ensured by the high-
vacuum grease, water diffuses from the drop with lower compound concentration to the 
reservoir with higher concentration to reach equilibrium. 
 

For crystallization of BetT1, the hanging drop vapor diffusion method was used. 

The initial screening for appropriate crystallization conditions were performed 

with commercial available screens (Section 2.1.8) in 96-well hanging drop plates. 

The reservoir solution of 100 µl in the 96-well plates was manually filled. The 

crystallization set-up of 300 nl protein (10 mg/ml) mixed with 300 nl reservoir 

solution as drop were carried out by the MosquitoTM pipetting robot.  

Crystallization conditions were further optimized in 24-well plates (Hampton 

Research). In this case, 1 ml manually prepared and optimized crystallization 

condition were used as reservoir solution. The drop ratio was varied from 1 µl 

protein solution (10 mg/ml) plus 1 or 2 µl reservoir solution. Protein solution was 

incubated partially with 2.5 mM of the substrate choline for 30 min prior to 

crystallization. The crystallization plates were incubated at least for two weeks at 

18°C. 

  

 

2.4.2.2 Cryocrystallography 

The technique of cryocrystallography has emerged as an indispensable tool in 

crystallography due to the reduction of X-ray induced radiation damage by flash-

cooling of protein crystals to near 100 K, compared to room temperature. Dose-

dependent primary radiation damage cause an energy lost by direct interactions 
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between the beam and the molecules within the crystal, which leads to heat 

(thermal vibration of molecules) and to bond breaking between the atoms. 

Secondary damage is induced by radicals formed by direct damage of the 

polypeptide and indirect by water destruction (H*, OH*) diffusing through the 

crystal at room temperature. This is causing further destruction in a time- and 

temperature-dependent manner. At low temperature, the reactive species is 

immobilized leading to no further damage to areas, which are not exposed to the 

beam. Therefore, crystals were frozen in liquid nitrogen and measured at 

cryogenic temperature (Garman, 1999). 

Flash-cooling requires a crystal held by surface tension in a fiber loop in a 

suitable cryobuffer containing an cryoprotectant. This cryoprotectant, typically a 

water-soluble organic material (PEG, glycerol, sucrose), reduces the overall 

freezing point of the solution as well as prevents the formation of ordered ice. In 

contrast, the cryobuffer forms a vitreous solid, which does not disrupt the crystal 

order and interfere with the diffraction (Garman, 1999). 

 

BetT1 crystals were transferred from the crystallization drop into a nylon loop 

(Molecular Dimensions) of appropriate size. The cryoprotection was ensured by 

the mother liquid already containing PEG or by immersion of the crystal in 

additional PEG prior to freezing in liquid nitrogen. 

 

 

2.4.2.3 Basic principles of X-ray crystallography 

A crystal can be described as regular array of molecules in a three-dimensional 

space. The molecules are packed in a periodic and repeating manner with the 

unit cell as the smallest repeating part forming the crystal lattice. Three vectors 

(a, b and c) together with the three angles α, β and γ characterize the unit cell 

and define the seven main crystal systems namely, triclinic, monoclinic, 

orthorhombic, tetragonal, hexagonal and cubic (Miller and Tanner, 2008). A 

number of asymmetric units referring to one or more copies of a molecule in 

conjunction with symmetry operations like rotations and possible translations 

again assemble the unit cell.  

The crystal lattice is described as an infinite array of points repeated periodically 

in the three-dimensional space such that the surrounding points are arranged in 
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an identical way (Sheehan, 2009). There are fourteen types of lattices known as 

Bravais lattices possible by coupling one of the seven crystal systems with lattice 

centering operations. If lattice points lie at the vertices at the unit cell, they are 

referred as primitive (P). Additional lattice points at the center of the single face, 

all faces or center of the unit cell result in a centered (A, B or C), face-centered (F) 

or body-centered (I) lattice, respectively. The symmetry of the lattice can be 

defined by different symmetry operations leading to 32 symmetry classes also 

called point groups (Messerschmidt, 2007). Due to the chirality, the symmetry 

classes of protein crystals are reduced to 11, because only 2-fold (180°), 3-fold 

(120°), 4-fold (90°) and 6-fold (60°) rotational symmetry is allowed. The number 

n of the rotation axes and the angle ϕ are related by ϕ = (360/n)°. 

The space group is build from the combination of the Bravais lattice symmetry 

and the point group providing a complete description of the crystal symmetry. Of 

total 230 different space groups only 65 are possible for chiral protein molecules 

(Ilari and Savino, 2008). For example, BetP crystallizes in the orthorhombic 

P212121 space group with two-fold screw axis (180°) along a, b and c followed by 

a translation of ½ of the lattice vector. 

 
 X-ray diffraction involves the coherent interference of scattered X-ray radiation. X-

rays are scattered by electrons of a crystal, if the wavelength of the radiation is 

comparable to the interatomic distances (~ 0.15 nm). The diffraction of the X-rays 

can be treated as reflections from parallel planes of atoms in a crystal (Miller and 

Tanner, 2008). These crystal lattice planes are defined by the Miller indices hkl. 

Bragg´s law illustrates the relation between the scattering angel θ of the rays and 

the distance between the planes (Figure 2.3). According to this law, constructive 

interference occurs only if the path length difference between rays diffracting 

from the parallel planes equals an integer number of the wavelength: 

 

𝑛𝜆 = 2𝑑 ∗ 𝑠𝑖𝑛𝜃   

 
Figure 2.3: Conditions for constructive interference: Bragg's law. 
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The X-rays scattered by crystal planes with an angle of θ interfere constructively when 
the distance (d) between the rays equals an integer number (n) of the wavelength 
(adapted from Sheehan, 2009). 
 

The Ewald sphere construction provides a geometrical description of Bragg´s law.  

The crystal is represented by a reciprocal lattice, because the distances are 

related reciprocally to points in the crystal lattice and accordingly to the unit cell 

dimensions. An Ewald sphere is constructed by a circle with the radius of 1/λ 

centered at the point C standing for the crystal. An incident X-ray directed toward 

the origin O of the reciprocal lattice diffract at the point C (Miller and Tanner, 

2008; Sheehan, 2009). When a reciprocal lattice point lies at the surface of the 

Ewald sphere, where the reflected beam intersects the cycle, the interference 

condition is fulfilled (Figure 2.4) (Dauter, 1999). To bring more reflections into 

diffraction, the crystal has to be rotated leading as well to the rotation of the 

reciprocal lattice. Since all diffracted rays from the same plane form a cone, the 

diffraction pattern will consist of spots arranged in concentric ellipses (Dauter, 

1999). 

 

A                                                 B 

 
Figure 2.4: The Ewald construction and diffraction pattern. 
A) The Ewald construction shows that the constructive interference occurs when a 
reciprocal lattice point coincides with the sphere of a radius 1/λ. The condition 1/d = 
(2/nλ) sinθ corresponding to the Bragg´s law nλ = 2d sinθ is fullfiled. B) In a diffraction 
pattern, spots are separated in ellipses as a consequence of constructive interference of 
X-rays diffracted by planes of the crystal (adapted from Dauter, 1999). 
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2.4.2.4 Data collection 

Crystals of BetT1 were tested at the Max Planck Society beamline at the Swiss 

Light Source (SLS, Villingen, Switzerland) PXII-X10SA. The beamline is designated 

for high-intensity and high-energy resolution measurements over a wide range of 

X-ray wavelengths (0.6 – 2.1 Å). Crystal diffraction screening was performed 

under a steady cryo-stream and three test images were collected each 60° or 

90° apart. 
 

 

2.4.3 Electron Paramagnetic Resonance 

Electron paramagnetic resonance (EPR) in combination with site-directed spin 

labeling is a widely used spectroscopic technique to study sequence-specific 

secondary structures, define topologies, tertiary folds and measure distances 

within biomolecules like proteins (Mchaourab et al., 2011). In contrast to the 

challenging crystallization of membrane proteins for structure determination, EPR 

methods are suited to obtain structural information and in particular dynamic 

data of membrane proteins in more native-like environment. Pulsed EPR methods 

enable to monitor protein motions by spin labeled (membrane) proteins. In order 

to examine structural changes of proteins, distances between spin label pairs 

could be measured via magnetically dipolar coupled electrons.  

 
 

2.4.3.1 Basic principles of EPR 

EPR is a spectroscopic method, which is based on the absorption of 

electromagnetic radiation by paramagnetic species. Paramagnetic substances 

like triplet state and radical pair molecules in photosynthesis, transition metal 

ions and free radicals are characterized by an unpaired electron (Lund et al., 

2011), which possess a permanent magnetic dipole. The negatively charged 

electron is described by two movements. The electron rotates around its nucleus 

leading to an orbital angular momentum, whereas spinning around its own axis 

leads to an intrinsic (spin) angular momentum, the latter contributing primarily to 

the arising magnetic momentum. The magnetic momentum is directly 

proportional to the spin angular momentum. The orientation of the magnetic 



MATERIAL & METHODS 

 76 

momentum of the electron is collinear but antiparallel to the spin itself (Murphy, 

2009). An electron exhibit a spin quantum number s of ½ with its magnetic 

component ms = ± ½ describing the orientation of magnetic momentum in a 

magnetic field. The electron’s magnetic moment is able to align either antiparallel 

(ms = +½) or parallel (ms = -½) to an external applied magnetic field. This energy 

difference or Zeemann splitting in presence of a magnetic field B0 depends on 

the strength of the field as well as the g value (ge for the free electron) (Figure 2.5 

A). According to the Boltzmann distribution, more spins are typically in the lower 

energy state. The transition between these levels could be described as 

absorption of energy in form of electromagnetic radiation in a certain resonance 

frequency, which depends on the applied magnetic field strength. It has to be 

noted, that on the energy scale of Q-band frequency (33.5 GHz), the difference 

between the levels is less than 1 percent and the typical energy absorption 

scheme like in the optic spectroscopy is not valid anymore. 

 

      A                                                                                B 

     
Figure 2.5: Zeeman splitting and EPR absorption spectrum. 
A) The energy levels of an electron in an external applied magnetic field B0 split according 
to the spin quantum number ms and can be described as following term: E = msgeµBB0 
with µB being the Bohr’s magneton, ge being the so called g-factor for a free electron (ge = 
2.0023). ms can have two values (½ or -½) resulting in two energy levels and a possible 
transition between them with the following transition energy: ΔE = geµBB0 = hv. B) The 
energy, which is required for the transition between the energy levels, is measured as 
the first derivative of the absorption. The absorption maximum corresponds to the point 
where the spectrum passes through zero and is further used to determine the center of 
the signal (Murphy, 2009). 
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2.4.3.2 Cw-EPR 

In this work, only two of several diverse EPR methods were applied. Conventional 

continuous wave (cw) -EPR was used to estimate the spin label efficiency of 

protein samples in detergent or reconstituted into liposomes. 

In a cw-EPR experiment, the frequency of the applied microwave radiation is kept 

constant while the magnetic field generated by an electromagnet is changed 

(swept) and modulated with an additional small magnetic field (Murphy, 2009). 

When the magnetic field corresponds to the resonance, ‘’energy is absorbed’’. In 

a cw-EPR set-up, the microwaves are provided from a microwave source and 

transferred through waveguides to the resonator cavity containing the sample. 

The cavity is designed corresponding to the wavelength of the specific applied 

frequency. This allows the microwave to resonate the cavity and absorption by 

the sample leads to reflected microwaves, which are converted by the detector in 

a low frequency signal to monitor the change of the microwave. This ‘’absorption 

of energy’’ dependency of the magnetic field is converted into a spectrum, which 

is the first derivative as a result of the additional field modulation and the phase-

sensitive detection (Figure 2.5 B) (Lund et al., 2011).  
 

EPR experiments are conducted at different fields and frequency like for X-band 

frequency at 9.5 GHz and the typical field for organic radicals of 0.34 T. In the 

past higher field/higher frequency EPR measurements were not commonly 

carried out due to technical reasons. Nowadays Q-band (34 GHz/1.2 T) and W-

band (95 GHz/3.4 T) spectrometers are commercial available and lead to an 

easier access of better spectral resolution and higher sensitivity of high field/high 

frequency spectrometers, which is in particular interesting for samples of limited 

quantity (Murphy, 2009).  

 

 

2.4.3.3 PELDOR 

The main application in this thesis was the distance measurements between spin 

labels with the pulsed EPR method named PELDOR standing for pulsed electron-

electron double resonance also known as DEER (double electron-electron 

resonance). Here, a sample is exposed to a series of short intense microwave 
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pulses (Figure 2.6 A, top sequence at frequency vA), which is making the 

instrument sensitive for changes at one (spin A) of two dipolar coupled spins. The 

frequency of this microwave pulse (vA) are referred as detection pulses while the 

second frequency (vB) is the inversion pulse (Reginsson and Schiemann, 2011a; 

Reginsson and Schiemann, 2011b). If the second frequency is in resonance with 

the second spin (spin B) of the coupled spin pair, the sensitized instruments 

detect a change. The change is correlated to the position of the pump pulses 

within the whole pulse sequence, which is the recorded PELDOR time trace. The 

detection pulse sequence of π/2 (90°) and first π (180°) pulse generate a Hahn 

echo, another π pulse leads to a refocus of the echo (Figure 2.6 C). The inversion 

pulse π inverts meanwhile the magnetic moments of the second spin B. If both 

spins are coupled via magnetic dipolar interactions, the intensity of the refocused 

echo will be affected (Reginsson and Schiemann, 2011a). 

 

                A                                                   B 

          
                 C 

 
Figure 2.6: PELDOR experiment. 
A) The 4-pulse PELDOR sequence consists of the three detection pulses and single 
inversion pulse of frequency vA and vB, respectively (adapted from Reginsson and 
Schiemann, 2011a). B) The dipolar coupling depends on the distance between the spins 
A and B (RAB) and the angle θ within the magnetic field B0. C) Vector model for the spin 
reorientation by the detection pulses in the rotating frame. The first detection pulse of 
90° flips the spins into the xy-plane. During dephasing, the spin packages rotate around 
the z-axis leading to a decay of magnetization through slight different resonance 
frequencies. The second 180° pulse flips the spins back to the y-axis refocusing the 
spins, again running together, generating a magnetization in form of a spin echo. 
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Because the spins are dephasing after the pulse end, the third detection pulse reverses 
the spins to create a refocused echo, which could be affected by dipolar coupling 
(Reginsson and Schiemann, 2011a) (adapted from Lund et al., 2011). 

 
If a biomolecule contains two unpaired electrons, the dipolar coupling 𝜔!!  is 

described by the spin Hamiltonian 

𝐻!! = 𝜔!! = 2𝜋𝜈!! = −
𝜇!𝑔!𝑔!𝜇!!

4𝜋ℏ
1
𝑅!   (3𝑐𝑜𝑠

!𝜃 − 1) 

 

𝜔! = 2𝜋 𝜈! =
𝜇!𝑔!𝑔!𝜇!!

4𝜋ℏ
1
𝑅!   

 

where 𝜇! is the vacuum permeability, 𝜇!    is the Bohr’s magneton,  ℏ is the reduced 

Planck constant, R is the length of the distance vector between the spins with 𝜃 

being the angle between the distance vector and the magnetic field, because 

each molecule has a specific orientation in a frozen sample.  𝜈! is the frequency 

for the perpendicular (𝜃 = 90°) orientation. For nitroxides 𝑔!  =𝑔!=2.006 are 

leading to 

𝜈! 𝑀𝐻𝑧 =
52.16
𝑅! 𝑛𝑚  

 

𝑅 𝑛𝑚 =
52.16

𝜈! 𝑀𝐻𝑧
!

 

 

In a PELDOR experiment, dipolar coupling leads to an oscillation of the amplitude 

V(t) of the refocused echo as a function of t (position of the inversion pulse within 

the pulse sequence). Considering PELDOR not being a single-molecule 

experiment, the signal V(t) is the product of the interaction between spins in one 

molecule V(t)intra, whereas V(t)inter takes into account the signal decay caused by 

the interaction between spins in different molecules. Dividing V(t) by the 

background decay V(t)inter results in the modulated intramolecular signal V(t)intra 

(Figure 2.7 B). Fourier transformation of V(t)intra reveals a so called dipolar Pake 

pattern (Figure 2.7 C) (Schiemann et al., 2007). Substitution of the frequency at 
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𝜃!=90° into the latter equation yields the distance R between the spins. Thus, 

the frequency of the oscillation is the dipolar coupling between the spins. 

 

A                                            B                                          C 

 
Figure 2.7: Representation of the PELDOR signal. 
A) The PELDOR time trace V(t) = V(t)intra V(t)inter obtained in a PELDOR experiment in green 
whereas the red line represents the fitted intermolecular contribution of the background 
decay V(t)inter. B) V(t)intra after division of V(t) by V(t)inter. C) Pake pattern as a result of 
Fourier transformation if V(t)intra (Schiemann et al., 2007). 
 

In order to obtain the distance distribution function P(R), the PELDOR time traces 

are nowadays commonly analyzed with the software program DeerAnalysis from 

G. Jeschke, which is based on the Tikhonov-regularization instead of Fourier 

Transformation (Jeschke et al., 2006). 

 

In this work, PELDOR spectra were recorded on a Bruker EleXsys E580 

spectrometer. The typical set-up included a pump frequency, which was set to the 

center transition of the nitroxide EPR spectra as well as to the center of resonator 

mode (typically 9.68 GHz at X-Band or 33.7 GHz at Q-Band). The detection was 

set to 70 MHz offset larger than the pump frequency (X-Band) or 56 MHz offset 

smaller than the pump frequency (Q-Band), off-center to the cavity mode. A 

typically pump pulse of 12 ns (X-Band) or 20 ns (Q-Band) and detection pulses of 

32 ns (both bands) were applied. The 4-pulse sequence with tau averaging at a 

temperature of 50 K was utilized. Analysis of the PELDOR data was performed by 

Tikhonov-regularization derived distance distribution.  

 

Cw-EPR and PELDOR measurements as well as the corresponding data analysis 

were performed in collaboration by Dr. Burkhard Endeward, Dr. Haleh Hashemi 

Haeri and Dr. Philipp Spindler in the group of Prof. Dr. Thomas Prisner (Goethe 

University, Frankfurt). 
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2.4.3.4 Site-directed spin labeling of proteins 

Since the natural occurrence of paramagnetic centers is limited, the introduction 

of spin labels containing paramagnetic species became a powerful tool to probe 

structure and structural changes of proteins. Here, cysteine residues replace 

amino acids at desired positions during site-directed mutagenesis. 

Posttranslational spin labeling is leading to the formation of disulfide bonds 

between the sulfhydryl groups of the cysteines reacting with the functional group 

of the label. Spin labels like methanothiosulfonate (MTSL) (Figure 2.8 A) are 

stable nitroxyl radicals with an unpaired electron predominantly localized to the 

N-O bond. The generated new side chain is often referred as R1 (Klare and 

Steinhoff, 2009). MTSL is characterized by a high selectivity for cysteines leading 

to high label efficiency. The side chain of MTSL exhibits a molecular volume of a 

tryptophan residue and renders flexible due to rational motion around four 

internal bonds attaching the nitroxide ring to the protein backbone minimizing 

disturbances of the native fold (Klare and Steinhoff, 2009). Although due to the 

intrinsic mobility of the spin label, the separation between the mobility of the 

label and structural changes of the protein seem to be difficult (Polyhach and 

Jeschke, 2010). But studies of molecular dynamics (MD) simulations 

demonstrated that the conformational distribution of the spin label could provide 

the major contribution to the width of measured distance distribution. 

Accordingly, so-called rotamer libraries are applied in order to model the 

conformational distribution of the spin labels and to predict spin-to-spin distance 

distributions from a model for the protein structure (Polyhach and Jeschke, 

2010).  

 

                          A 

 
                       B 
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                       C 

 
Figure 2.8: Conformational change of site-directed spin labeled protein. 
A) MTSL spin label reacts with the sulfhydryl group of the protein forming a disulfide 
bond (Reginsson and Schiemann, 2011a). B) Hypothetical movement of a 
transmembrane helix (yellow) within a double labeled protein. The spin label pair (blue) 
and all possible rotamers (light gray) are represented as sticks. The conformational 
change from state A to B alters the average distance (rav) between the spin labels. C) 
Distinct conformers represented by state A and B will shift the distance peak of rav in the 
distance distribution (left). Accordingly, the period of the spin echo decay (inset) will 
change. The shape and width of the distance distribution will change if the 
conformations, which are present in equilibrium, will alter the contribution of each 
distinct conformation (dashed curve) to the distance distribution (green curve) (right) 
(adapted from Mchaourab et al., 2011). 
 

 

2.4.3.5 Multi-Spin Systems 

If PELDOR experiments are performed for systems containing more than two spin 

labels, the resulting increased total modulation depth and in sum and difference 

dipolar frequency contributions give rise to additional peaks in the distance 

distribution (Von Hagens et al., 2013). This distance peaks are not corresponding 

to real interspin distances and are consequently referred to as ghost 

contributions. According to this, a separation from the pair signal and ghost 

contribution is required to identify real interspin distance peaks.  

The PELDOR signal with an N spin system is considered with N(N – 1)/2 pairwise 

distances within the sensitivity range of PELDOR experiments for a sufficiently 

diluted probe, in which the intramolecular distances between the single spin 

system is longer than the sensitivity range of PELDOR (2 – 8 nm). The PELDOR 

signal V(t) is obtained by summing over the signals of all N possible spins 

𝑉 𝑡 =   𝐵(𝑡)
1
𝑁    𝑓!"

!

!!!

!

!!!

(𝑡) 
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with 𝑓!"(𝑡) as dipolar evolution function of an individual spin pair (k,l), which 

contains the intramolecular contributions of the biomolecule. Because the 

background factor B(t), which is taking into account the intermolecular 

contributions, can be fitted and extracted during analysis, the form factor of an N 

spin system for a particular orientation relative to the magnetic field vector B0 can 

be obtained by 

𝐹!  (𝑡,𝜃,𝜙) = 𝑉 𝑡 /  𝐵(𝑡) =
1
𝑁    𝑓!"

!

!!!

!

!!!

(𝑡) 

with  

𝑓!" 𝑡 = 1−   𝜆!(1− 𝑐𝑜𝑠 𝜔!"𝑡 ) 

 

where 𝜆! is the inversion efficiency of the pump pulse for the pumped spin l. For 

𝜔!" see dipolar coupling 𝜔!! (Section 2.4.3.3, p. 79).  

Taking all considerations into account, the form factor is containing the constant, 

unmodulated contribution that defines the modulation depth Δ! = 1− (1−

𝜆)!!!  and frequency-modulated terms that are grouped by the number of 

coupled spins involved and can be written as 

𝐹! 𝑡 = (1− 𝜆)!!! +   𝜆 1− 𝜆 !!!𝑃! 𝑡 + 𝜆! 1− 𝜆 !!!𝑇! 𝑡 + 𝜆! 1− 𝜆 !!!𝑄! 𝑡

+   𝜆! 1− 𝜆 !!!𝑉! 𝑡 + 𝜆! 1− 𝜆 !!!𝑊! 𝑡 +⋯ 

where 𝑃!(𝑡) is the pair frequency contribution 

  𝑃! 𝑡 =   
1
𝑁
1
1! 𝑐𝑜𝑠𝜔!"𝑡

!

!!!

!

!!!

 

for  𝑇!(𝑡) the three-spin frequency contribution 

  𝑇! 𝑡 =   
1
𝑁
1
2!   

!

!!!,!

𝑐𝑜𝑠𝜔!"𝑡𝑐𝑜𝑠𝜔!"𝑡
!

!!!

!

!!!

 

etc. for 𝑄!(𝑡) the four-spin frequency contribution, 𝑉!(𝑡) the five-spin frequency 

contribution and 𝑊!(𝑡) the six-spin frequency contribution (Von Hagens et al., 

2013). 

Standard PELDOR experiments at X-band frequencies on nitroxide spin labels 

have inversion efficiencies λ of 0.2 – 0.6. They can be varied experimentally by 

the variation of the pump pulse power. The influence of the number of coupled 

spins for the interspin distance and inversion efficiency λ can be obtained by 
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simulation. In consequence, simulation of data with decreasing number of 

coupled spins allows the determination of ghost artifacts (Figure 2.9). 

 

                      A                                               B 

 
Figure 2.9: Ghost artifacts in multi-spin systems. Simulated form factors (A) and 
distance distributions obtained by Tikhonov regularization (B). Simulated distance 
distributions are shown for a two-spin (green), three-spin (red) and four-spin (violet) 
system. Ghost distances can be identified at shorter distances for the three- and four- 
spin system. The real interspin distance peak is labeled with an asterisk (Von Hagens et 
al., 2013). 
 

The procedure to suppress ghost contributions by manipulating the 

experimentally obtained form factor during analysis by a power scaling with a 

scaling exponent 𝜉! = 1/(1− 𝑁), with N being the number of coupled spins was 

developed and is implemented in the DeerAnalysis Software (Von Hagens et al., 

2013). 
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3 Pathogen-relevant choline transporters of Acinetobacter baylyi 

 

Pathogenic Acinetobacter species obtained threatening clinical relevance over the past 

few decades. Especially, Acinetobacter baumannii is nowadays a very common 

nosocomial pathogen, because of its extraordinary multi-drug resistance.  

The ability of Acinetobacter species to colonize almost any surface persisting 

desiccation and moisture (Doughari et al., 2011; Vallenet et al., 2008) is pointing 

towards a strong osmostress mechanism, which might contribute to the virulence of 

these bacteria. In order to counteract hyperosmotic stress, the uptake of compatible 

solutes is commonly performed by transporters belonging to the BCCT family (Ziegler et 

al., 2010). Acinetobacter baylyi ADP1 comprises three potential BCC transporters. The 

characterization of those BCCTs is important to understand the mechanism of 

persistence of pathogenic Acinetobacter spp. the non-pathogen A. baylyi was chosen 

as model organism for A. baumannii due to their high gene orthology (Vallenet et al., 

2008). 

 

 

3.1 Results 

3.1.1 Classification of BCC transporters from A. baylyi 

Inspection of the genome sequence of Acinetobacter baylyi ADP1 identified three 

genes encoding potential BCC transporters. The three genes, which are annotated with 

the locus tags ACIAD1011, ACIAD1012 and ACIAD3460 will be hereinafter referred to 

as betT1, betT2 and betT3, respectively, as well as the corresponding gene products 

will be named accordingly BetT1, BetT2 and BetT3. Interestingly, the genes for BetT1 

and BetT2 are organized together within the bet cluster (Figure 3.1), while the gene for 

BetT3 is located approximately 2000 kb far apart in the genome of A. baylyi ADP1.  

 

 
Figure 3.1: Organization of the bet gene cluster. 
The genes are annotated with the corresponding gene locus tag. The cluster consists of betA 
(choline dehydrogenase), betB (betaine aldehyde dehydrogenase), betI (regulator protein), 
betT1 and betT2, the latter coding for putative BCC transporters. 
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The substrate specificity of BCC transporters is related to the glycine motif located in 

the middle of TM3 responsible for the coordination of the substrate carboxyl groups 

(Ressl et al., 2009; Schulze et al., 2010). This motif is highly conserved among BCCTs 

with the same trimethylammonium substrate specificity (Ziegler et al., 2010).  

 

 
Figure 3.2: Sequence alignment of the glycine motif of BCCTs from A. baylyi. 
Multiple amino acid sequence alignment of the glycine stretch (red) of A. baylyi BCCTs BetT1, 
BetT2 and BetT3 to BetP from C. glutamicum as well as BetT from E. coli. Numbering of the 
residues corresponds to BetP. In the structure of BetP, the glycine motif is located in an 
unwound segment between the intracellular part and extracellular part of TM3 (TM3i and 
TM3e) (Ressl et al., 2009). The α–helical parts are depicted as black bars on the top of the 
alignment. The (*) marked residues were shown to be mainly responsible for substrate 
specificity (Perez et al., 2011b). 
 

The sequence alignment of the glycine motif identified BetT3 from A. baylyi with Ala-

Gly-Met-Gly-Ile-Gly as Na+-coupled betaine BetP-type transporter, whereas A. baylyi 

BetT2 was classified by Ala-Gly-Ile-Gly-Ile-Asp as H+-coupled choline symporter 

corresponding to E. coli BetT (Figure 3.2). In contrast, a non-polar alanine is found 

instead of the aspartate for BetT1, which made its assignment difficult. 

 

The role of the glycine betaine transporter BetT3 of A. baylyi was already studied in the 

past (Sand et al, 2011). Accordingly, the following results in this thesis will focus on the 

investigation of the both latter mentioned BCCTs BetT2 and BetT1 from A. baylyi. 

Secondary structure prediction for BetT1 and BetT2 consisting of 526 and 686 amino 

acids, respectively, confirmed the characteristic composition of 12 TM domains for the 

BCCT family (Figure 3.3). Additionally, BetT2 comprises a long C-terminal domain of 

178 amino acids. 
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A 

 
B 

 
Figure 3.3: Topological models of BetT1 and BetT2 from A. baylyi. 
For secondary structure prediction and model generation of A. baylyi BetT1 (A) and BetT2 (B) 
the TMRPres2D tool (Spyropoulos et al., 2004) in combination with the prediction algorithm 
TMHMM (Krogh et al., 2001) was used.  
 

 

3.1.2 Expression and first purification trials of BetT2  

For heterologous expression of BetT2 from A. baylyi in E. coli, the gene betT2 (locus tag 

ACIAD1012) was cloned into the pBAD/HisA vector using the restriction endonucleases 

SacI and EcoRI. Success of cloning was confirmed by digestion with the corresponding 
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restriction endonucleases and subsequent sequencing. Plasmids containing the 

correctly inserted gen, referred to as pBAD/HisA_ACIAD1012, were transformed into E. 

coli TOP10 and MKH13 cells. Cells were grown in 1 l LB media either at 30°C or 37°C 

and the gene expression was induced by 0.02 % arabinose at an OD600 of 0.6 – 0.8. 

The cells were further cultured either for 3 h or 5 h before cells were harvested and 

membranes were prepared. The protein content of BetT2 within the membranes was 

analyzed by SDS-PAGE and Western blot (Figure 3.4). 

 

 
Figure 3.4: Western blot of BetT2 test expression. 
BetT2 producing E. coli MKH13 and TOP10 cells were cultured for 3 h or 5 h at 30°C or 37°C 
in 1 l LB after gene expression induction. For each condition, cells were harvested, membranes 
were prepared and adjusted to the same OD600 of 2.5. 10 µl of the membranes were loaded 
onto an SDS gel (12.5 %) and subsequent used for immunoblotting against the N-terminal His6-
tag. (M) PageRulerTM Prestained Protein Ladder (Thermo Scientific Molecular Biology). 
 

Western blot analysis revealed for all conditions a protein band slightly higher than 72 

kDa corresponding to the calculated mass (Gasteiger et al., 1999) of 77.6 kDa for 

BetT2. The expression tests showed adequate production levels of BetT2 in E. coli 

TOP10 at 37°C for further structural investigations. For functional studies, sufficient 

production levels of BetT2 in E. coli MKH13 were obtained already 3 h after gene 

expression induction at 37°C.  

 

The first purification step for BetT2 includes the solubilization with a suitable 

detergent. Preliminary solubilization trials for BetT2 within E. coli TOP10 membranes 

were performed with different detergents and at different conditions. Samples were 

examined by SDS-PAGE and Western blot analysis (Figure 3.5). 

 

A 
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B 

 
Figure 3.5: Solubilization test for BetT2. 
E. coli TOP10 membranes (5 mg/ml) containing BetT2 were solubilized with 2 % DDM, DM, 
Nonyl-β-glucopyranoside (NG), Octyl-β-glucopyranoside (OG), Fos-Choline-12 (Fos12), Fos-
Choline-14 (Fos14), Cymal-5 (Cym5), Cymal-6 (Cym6), Zwittergent (ZG) as well as Triton X-100 
(TX) and incubated for 2 h at 4°C (A) or RT (B). Samples were evaluated by applying 5 µl of the 
supernatant (S) and the pellet (P) dissolved in the equal set-up volume after ultracentrifugation 
onto an SDS gel (12.5 %) and subsequent used for immunoblotting against the N-terminal His6-
tag. Additionally, 5 µl membranes (Me) were loaded. (M) PageRulerTM Prestained Protein 
Ladder (Thermo Scientific Molecular Biology). 
 

First solubilization trials identified detergents like DDM, DM, Fos-Choline-14, Cymal-5 

as well as Cymal-6 as good candidates at 4°C and partly at room temperature. Further 

experiments varying the detergent concentrations and screening for appropriate salts 

to improve the solubilization process have to be carried out. 

 

 

3.1.3 Transport properties of BetT2 in E. coli MKH13 cells 

In order to investigate the transport properties, BetT2 was produced in E. coli MKH13 

cells lacking the transport systems BetT, PutP, ProP and ProU responsible for the 

uptake of compatible solutes. Based on the previous classification of BetT2, [14C]-

choline uptake rates were measured. According to the role of BCC transporters like 

BetT from E. coli during osmoprotection, uptake activity of BetT2 was investigated 

upon increasing hyperosmotic conditions at external pH 6 or 7.5.  

 

 
Figure 3.6: Choline uptake rates of BetT2 in E. coli MKH13 cells. 
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Uptake rates of choline in nmol per min and mg dry cell weight were measured by increasing 
external osmolality at pH 7.5 and 6 for BetT2 in E. coli MKH13 cells. Uptake was started by 
adding saturating concentrations of 500 µM [14C]-choline. The measurements represent the 
mean of at least three replicates/data point. The errorbars represent ± S.E.M..  
 

Transport measurements in E. coli MKH13 undoubtedly identified BetT2 as choline 

transporter (Figure 3.6). Moreover, increasing external osmolalities increased the 

choline uptake activity at pH 7.5 and also with lower extent at pH 6. The choline uptake 

rate for BetT2 increases 5-fold from approximately 10 nmol/min* mg dw at 0.2 

osmol/kg to 50 nmol/min* mg dw reaching maximal activity at 0.8 osmol/kg at pH 

7.5. In turn, BetT2 is less active at pH conditions of 6 reaching already maximum 

activity at 20 nmol/min* mg dw with a shifted optimum to 0.6 osmol/kg. Indeed, these 

results indicated BetT2 from A. baylyi serving as osmoregulated choline transporter. 

The osmoprotective properties of BetT2 by deletion mutants of A. baylyi were 

confirmed by our collaborators (Sand et al., 2014).  

Studies identified BetT from E. coli as proton-coupled choline transporter (Lamark et 

al., 1991) and it was demonstrated that the protonation of the aspartate within the 

glycine motif is crucially involved in proton-coupled choline transport (Perez et al., 

2011b). Beside the equal composition of the glycine stretch, E. coli BetT and A. baylyi 

BetT2 are sharing a total sequence identity of 68 %. Thus, [14C]-choline uptake of 

BetT2 was measured in sodium-free buffer (100 mM KPi, pH 6 and pH 7.5) at an 

osmolality of 600 osmol/kg in presence and absence of the protonophore CCCP 

evaluating the suggested proton-coupled choline uptake properties. 

 

 
Figure 3.7: Effect of the protonophore CCCP on BetT2-mediated choline uptake in E. coli 
MKH13 cells. 
Uptake of choline in nmol per mg dry cell weight was measured in sodium-free buffer (100 mM 
KPi) at 600 osmol/kg for pH 7.5 and 6 in presence and absence of 50 µM CCCP for BetT2 in E. 
coli MKH13 cells. Uptake was started by adding saturating concentrations of 500 µM [14C]-
choline. Each value is the mean ± S.E.M of three independent measurements.  
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Under hyperosmotic conditions, the choline uptake activity of BetT2 decreases 

dramatically upon addition of the protonophore CCCP at pH 7.5 indicating the 

uncoupling of the choline transport (Figure 3.7). Because the transport activity is 

already reduced at pH 6, the reduction of the choline uptake upon CCCP addition is 

less pronounced. However, these results are demonstrating that the proton-motive 

force drives choline transport in BetT2. Further experiments have to be performed to 

characterize the choline uptake of BetT2 by kinetic parameters. 

 

 

3.1.4 Expression and purification of BetT1 

The gene betT1 (locus tag ACIAD1011) was cloned into the pBAD/HisA vector using the 

restriction endonucleases XhoI and PstI. The plasmid containing the correct inserted 

gene, referred to as pBAD/HisA_ACIAD1011, was kindly provided by Miriam Sand 

(Goethe University, Frankfurt). For heterologous expression of betT1, the plasmid 

pBAD/HisA_ACIAD1011 was transformed into E. coli TOP10 and MKH13 cells for 

structural and functional investigations, respectively. Cells were cultured in 1 l LB 

media at 30°C as well as 37°C and gene expression was induced at an OD600 of 0.6 – 

0.8 by 0.02 % arabinose. Cells were further cultured for 3 h or 5 h, subsequently 

harvested and membranes were prepared. In addition, samples were collected before 

gene expression induction and during expression each hour. The samples were 

adjusted to the same OD by centrifugation of an appropriate volume of the culture, 

subsequently cell pellets were dissolved in SDS sample buffer and heated up to 95°C 

for 10 min. The protein content of BetT1 within the whole cell samples and isolated 

membranes was analyzed by SDS-PAGE and by Western blot (Figure 3.8). 

 

 
Figure 3.8: Western blot of BetT1 test expression within E. coli cells. 
E. coli TOP10 cells were cultured for 5 h at 30°C or 37°C. Samples were collected before (-) 
and after betT1 expression induction each hour (1 h – 5 h) and adjusted to the same OD600 of 
5. 5 µl of each sample were loaded onto an SDS gel (12.5 %) and subsequent used for 
immunoblotting against the N-terminal His6-tag. (M) PageRulerTM Prestained Protein Ladder 
(Thermo Scientific Molecular Biology). 
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Figure 3.9: Western blot of BetT1 test expression within E. coli membranes. 
BetT1 producing E. coli MKH13 and TOP10 cells were cultured for 3 h and/or 5 h at 30°C or 
37°C in 1 l LB after gene expression induction. For each condition, cells were harvested, 
membranes were prepared and adjusted to the same OD600 of 2.5. 10 µl of the membranes 
were loaded onto an SDS gel (12.5 %) and subsequent used for immunoblotting against the N-
terminal His6-tag. (M) PageRulerTM Prestained Protein Ladder (Thermo Scientific Molecular 
Biology). 
 

Western blot analysis of cells and membranes revealed after gen expression induction 

pronounced protein bands at approximately 43 kDa, which is lower than the expected 

molecular weight of 58.18 kDa for BetT1 (Figure 3.9). A shift in the molecular weight 

during SDS-PAGE is frequently observed especially for hydrophobic membrane proteins 

(Rath and Deber, 2013). In addition, in Figure 3.8 and Figure 3.9, a second less 

pronounced band at approximately 95 kDa might demonstrate a higher oligomeric 

state of BetT1. The expression test including whole E. coli TOP10 cells allows tracing 

the production levels of BetT1 with time. Like expected, no protein is detectable before 

induction of the expression at both temperature conditions. At 30°C, the protein 

content increases with time. In contrast, at 37°C the maximum protein level is reached 

faster even after 2 h expression. Therefore, the expression of BetT1 in E. coli TOP10 

was hereinafter performed at 37°C and cells were subsequently harvested 2 h after 

induction. An expression test with whole cells was not feasible for E. coli MKH13, 

because the Western blot membrane remained empty after several repetitions of the 

experiment (data not shown). To confirm the expression in E. coli MKH13 membranes 

were prepared. The Western blot shows adequate BetT1 production levels even after 3 

h at 37°C.  

 

After succesfull expression, the next step for purification was the isolation of BetT1 

from E. coli TOP10 membranes by solubilization for structural investigations. Isolation 

of BetT1 by immobilized metal affinity chromatography (IMAC, Section 2.3.4.4) was 

facilitated by the fusion of the N-terminus of the protein with a His6-tag. Further 

purification steps included preparative size exlusion chromatography (SEC, Section 
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2.3.4.6) and additionally optimization of purification for BetT1 was obtained by ion 

exchange chromatography (IEX, Section 2.3.4.5). 

 

Solubilization of E. coli TOP10 membranes containing BetT1 was performed with 

different detergents at 4°C. After 1 h incubation, 200 mM NaCl was added to the 

solubilization mixture and was incubated further for 1 h at 4°C prior to centrifugation. 

Samples were examined by SDS-PAGE and Western blot analysis (Figure 3.10). The 

following result includes only a selection of tested detergents. 

 

 
Figure 3.10: Solubilization test for BetT1. 
E. coli TOP10 membranes (5 mg/ml) containing BetT1 were solubilized with 2 % DDM, Fos-
Choline-12 (Fos12), Fos-Choline-14 (Fos14), Cymal-5 (Cym5), Cymal-6 (Cym6) as well as 
Zwittergent (ZG) and incubated at 4°C. After 1 h incubation, 200 mM NaCl was added to each 
sample, which were further incubated for 1 h at 4°C. Samples were evaluated by applying 5 µl 
of the supernatant (S) and the pellet (P) dissolved in the equal set-up volume after 
ultracentrifugation onto an SDS gel (12.5 %) and subsequently used for immunoblotting 
against the N-terminal His6-tag. (M) PageRulerTM Prestained Protein Ladder (Thermo Scientific 
Molecular Biology). 
 

Solubilization tests resulted in sufficient solubilization of BetT1 by the addition of  2 % 

DDM as well as 2 % Cymal-5 (Figure 3.10). Therefore, first purification of BetT1 was 

performed with Cymal-5. Solubilized membranes were loaded slowly on a Ni2+-affinity 

column. The column was washed in absence of imidazole and with 5 mM imidazole to 

remove unspecific bound proteins. The detergent concentration was set to 0.6 % 

Cymal-5 during washing and elution steps. BetT1 was eluted by an stepwise increase 

of the imidazole concentration and the purity of BetT1 was analyzed by SDS-PAGE. The 

elution fractions were pooled and concentrated to 500 µl for preparative SEC in order 

to improve the purity of the protein. Protein content of the elution fractions of Ni2+-

affinity column and SEC were analyzed by SDS-PAGE (Figure 3.11). 
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A                                                                        B                                             C 

 
Figure 3.11: BetT1 purification with Cymal-5 as detergent. 
A) Solubilized E. coli TOP10 membranes containing BetT1 were applied on a Ni2+-affinity 
column, subsequently washed and protein was eluted by a stepwise increase of imidazole from 
10 – 150 mM. 5 µl of each elution fraction (E2-E16) were loaded onto an SDS gel (12.5 %). B) 
Elution fractions E9 – E14 were pooled and concentrated to 500 µl. Protein was injected on a 
Superose 6 10/300 column for preparative SEC. A constant flow rate of 0.3 ml/min was used 
and the absorption was measured at 280 nm. C) Elution fractions of SEC within the peak were 
pooled (GF), concentrated to 6 mg/ml (GFconc.) and 5 µl of each sample were analyzed by SDS-
PAGE (12.5 %). (M) PageRulerTM Prestained Protein Ladder (Thermo Scientific Molecular 
Biology) was used. 
 

During IMAC (Figure 3.11 A), BetT1 starts to elute in combination with diverse 

unspecific bound inpurities very early at low imidazole concentrations of 40 mM. This is 

indicated by the increasing intensity of the protein band at approximately 43 kDa 

corresponding to BetT1. With higher imidazole concentrations, less impurities are 

detectable, whereas the content of BetT1 increases. Between 80 – 100 mM imidazole, 

one last impurity below the BetT1 protein band is present. Adequate elution fractions 

were subjected to SEC for further purification of the protein of interest. Although the 

SEC profile (Figure 3.11 C) shows a monodisperse peak, concentration of the pooled 

fractions within the peak to 6 mg/ml indicated bands corresponding to 

contaminations. However, first 3D crystallization approaches were performed with the 

sample derived from SEC. Unfortunately, crystallization of BetT1 failed with the protein 

purified in Cymal-5. In consequence, solubilization and purification was performed with 

DDM as detergent (Figure 3.12). The concentration of DDM was adjusted to 0.1 % 

during purification by IMAC and SEC.  
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     A                                                                  B 

 
    C                                                                             D 

 
Figure 3.12: BetT1 purification with DDM as detergent. 
DDM solubilized E. coli TOP10 membranes containing BetT1 were applied on a Ni2+-affinity 
column, subsequently washed and protein was eluted. SDS-PAGE (A) and Western Blot (B) of 
BetT1 purification. 10 µl of the membranes (Me) (10 mg/ml), the flow trough of the affinity 
column (FT), wash 1 with 0 mM imidazole (W1), wash 2 with 5 mM imidazole (W2) as well as 1 
µl of the concentrated eluat from the affinity column (Econc.), pooled SEC fractions 
unconcentrated (GF) and concentrated to 10 mg/ml (GFconc.) were loaded onto an SDS gel 
(12.5 %). C) 5 µl of each elution fraction (E2-E16) derived  from the Ni2+-affinity column eluted by 
a stepwise increase of imidazole from 10 – 150 mM were examined by SDS-PAGE (12.5 %). 
(M) PageRulerTM Prestained Protein Ladder (Thermo Scientific Molecular Biology) was used. D) 
For preparative SEC, Ni2+-affinity column elution fractions E9 – E16 were pooled and 
concentrated to 500 µl. Protein was injected on a Superose 6 10/300 column with a constant 
flow rate of 0.3 ml/min and the absorption was monitored at 280 nm.  
 

The overview of the purification (Figure 3.12 A – B) indicated that BetT1 only 

moderately binds to the Ni2+-affinity column and has the tendency to elute with low 

imidazole concentrations of 5 mM. Thus, BetT1 starts to elute together with diverse 

other proteins at low concentrations of imidazole (Figure 3.12 C). Comparable to the 

Cymal-5 purification (Figure 3.11), BetT1 content increases with higher imidazole 

concentrations, whereas impurities are decreasing. Further purification of pooled 

elution fractions by preparative SEC yielded a monodispers peak (Figure 3.12 D), 

although one last impurity is detected between 34 and 43 kDa (Figure 3.12 A (GFconc.)). 
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Altogether, the yield of BetT1 during DDM purification was sufficient and even more 

efficient regarding the level of purity than with Cymal-5. 

 

In order to improve the purification of BetT1, an additional step of ion exchange 

chromatography was tested (Bachelor thesis of Jessica Devant (Devant, 2014)). For 

this purpose, the applicability of an anion exchanger (Q-Sepharose) as well as a cation 

exchanger (SP-Sepharose) were examined. The concentrated elution after IMAC was 

applied several times on the exchanger material packed in a column, washed and 

eluted afterwards by a stepwise increase of the NaCl concentration from 25 - 125 mM. 

The efficiency of the ion exchange chromatography was evaluated by SDS-PAGE (Figure 

3.13). 

 

 A                                                                   B 

 
   C                                                                                      D 

 
Figure 3.13: Comparison of anion and cation exchange chromatography for BetT1 
purification. 
Ni2+-affinity column eluate (ENi) containing BeT1 protein and last impurities were applied on a 
Q-Sepharose (anion exchanger) (A) and SP-Sepharose (cation exchanger) (B) column and 
subsequently eluted by the stepwise increase of the NaCl concentration from 25 – 125 mM. 
Elution fractions E1 – E10 as well as the flow through (FT) of the according ion exchange 
chromatography were analyzed by SDS-PAGE. C) Direct comparison of the pooled elution 
fractions from Ni2+-affinity column before (ENi) and after Q-Sepharose (EQ) and SP-Sepharose 
(ESP) column. Preparative SEC with the corresponding pooled fractions was performed by using 
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a Superose 6 10/300 column. GFconc. beeing the concentrated protein sample after Ni2+-affinity 
column and SEC, GFQ and GFSP beeing the samples after the corresponding ion exchange 
chromatography and SEC. In addition, the concentrated sample GFSP (GFSPconc.) is shown. For 
SDS-PAGE, in all cases 1 µl of each sample and 5 µl of the marker PageRulerTM Prestained 
Protein Ladder (Thermo Scientific Molecular Biology) (M) was used for 12.5 % SDS gels. 
Ionexchange chromatography was performed by Jessica Devant (Devant, 2014). 
 

The application of Q-Sepharose as anion exchanger demonstrated that the matrix 

binds efficiently BetT1 as well as the impurity. No protein is detectable in the flow 

through (Figure 3.13 A). The elution of BetT1 starts already with low NaCl 

concentrations (E1, E2), although complete elution of the protein of interest together 

with the impurity occurs at concentrations of 50 mM NaCl (E3, E4). The anion exchanger 

did not provide the separation of BetT1 from its contamination. In contrast, ion 

exchange chromatography with a cation exchanger revealed that the SP-Sepharose 

matrix is not able to efficiently bind BetT1, which is indicated by the high protein 

content in the flow through (Figure 3.13 B). Small amounts of BetT1 bound to the 

matrix elute within the first elutions (E1, E2). The matrix is not able to bind BetT1, 

whereas a strong interaction with the impurity (band between 34 – 43 kDa) could be 

observed, which is missing in the flow through and elutes at 50 – 75 mM NaCl (E3 – 

E5). Indeed, SP- Sepharose as cation exchanger ensures the separation of BetT1 from 

the impurity. For further experiments, the flow through and first elution fractions 

containing only BetT1 were pooled to assure a sufficient concentration of protein. 

Independent from the results, pooled samples derived directly from IMAC or 

additionally from anion exchange (E3, E4) and cation exchange chromatography were 

subjected to SEC for comparison. As expected, SEC leads only after ion exchange with 

the SP-Sepharose as cation exchanger to a high level of purity of BetT1 (GFSPconc.) 

(Figure 3.13 C) enabling further structural and functional investigations. 

 

 

3.1.5 Oligomeric state of BetT1 

Based on the solved trimeric structures of the BCCT family members BetP from C. 

glutamicum and CaiT from E. coli and Proteus mirabilis (Schulze et al., 2010; Tang et 

al., 2010), a trimeric state was also proposed for the BCC transporter BetT1 from A. 

baylyi. Moreover, for BetP was demonstrated that this transporter forms a stable trimer 

in detergent as well as in membranes (Ressl et al., 2009; Ziegler et al., 2004) 
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Therefore, the oligomeric state of BetT1 was compared to BetP by BN-PAGE (Figure 

3.14).  

 
Figure 3.14: BN-PAGE of BetT1 from A. baylyi and BetP from C. glutamicum. 
10 µg of purified protein, A. baylyi BetT1 as well as C. glutamicum BetP WT in 0.1 % DDM, were 
loaded onto a BN-PAGE gradient gel (4 – 16 %). (M) NativeMark™ Unstained Protein Standard 
from Invitrogen/Novex®. BN-PAGE was performed by Jessica Devant (Devant, 2014). 
 

In Figure 3.14, for BetP a protein band slightly below 480 kDa could be detected, 

whereas the corresponding band for BetT1 is visible between 242 – 480 kDa. The 

monomer size of 64.2 kDa for BetP results in a trimer size of 192.6 kDa. The size of 

monomeric BetT1 is 58.2 kDa and consequently 174.6 kDa for trimeric BetT1. In BN-

PAGE, the additionally mass of bound lipids and the detergent molecules within the 

micelle for membrane proteins have to be considered. Here, in both protein samples 

DDM is adjusted to 0.1 %. The result confirms the trimeric oligomerization for BetT1, 

which migrates based on the smaller molecular weight compared to trimeric BetP, 

slightly faster during BN-PAGE. 

 

 

3.1.6 Crystallization of BetT1 

Successful purification of A. baylyi BetT1 as well as high yields of pure protein allowed 

starting structural investigations by 3D crystallization. Protein, which was used for 

crystallization was purified with DDM as detergent as described previously in Section 

3.1.4 including IMAC, IEX and SEC along with subsequent concentration to 10 mg/ml. 

Crystallization set-ups were pipetted with protein in buffer containing 25 mM Tris-HCl 

(pH 7.5) and 200 mM NaCl as well as with desalted protein samples. In order to find 

appropriate crystallization conditions for BetT1, first crystallization trials were 

performed in 96-well plates with the commercially available screens from Molecular 
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Dimensions and Qiagen by using the hanging drop method (Figure 3.15). The following 

results will give a brief overview of crystallization conditions in which crystal growth of 

BetT1 was observed. Several crystals were tested at the SLS beamline (Villigen, 

Switzerland). Crystallization of BetT1 was partly supported during the Bachelor thesis 

of Jessica Devant.  

   

       A                                             B                                          C 

 
       D                                            E                                           F 

 
Figure 3.15: Crystals of A. baylyi BetT1 in commercially available screen conditions. 
Crystals grown in (A) 0.04 M NaCl, 0.04 M Tris pH 8, 27 % v/v PEG 350 MME;  (B) 0.07 M NaCl, 
0.05 M Na3-Citrate pH 4.5, 22 % v/v PEG 400 and (C) 0.5 M NaCl, 0.05 M Tris pH 7.5, 12 % 
w/v PEG 2000. Crystal formation in conditions containing (D) 0.1 M NaCl, 0.1 M Bicine pH 9.0, 
20 % w/v PEG 550 MME; (E) 0.02 M Bis-Tris pH 7, 15 % w/v PEG 2000 as well as (F) 0.05 M 
MgAc2, 0.05 M NaAc pH 4.6, 25 % v/v PEG 400. For all crystal set-ups except in F, desalted 
protein in 25 mM Tris pH 7.5 was used.  
 

Crystal formation for BetT1 was observed in various conditions of the commercially 

available screens (Figure 3.15). Furthermore, different crystal sizes and morphologies 

like rode shaped, rhombic, triangular and unshaped crystals could be found. However, 

most hits were obtained with the MemGoldTM screen from Molecular Dimensions 

(Figure 3.15 A – C). Based on these results, the most promising conditions were varied 

in PEG concentration for first optimization in 96-well plates and 24-well plates (DDM 

Screen, Na3-Citrate Screen; Section 7.6). 
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       A                                             B                                         C 

 
      D                                             E                                          F 

 
       G                                             H 

 
Figure 3.16: Crystals of A. baylyi BetT1 in optimized screen conditions. 
Crystals grown in (A) 0.1 M (NH4)2SO4, 0.1 M HEPES pH 7.5, 14 % w/v PEG 4000, 22 % 
Glycerol; (B) 0.1 M NaCl, 0.04 M Tris pH 8, 25.5 % v/v PEG 350 as well as (C) 0.1 M MgCl2, 0.1 
M Tris pH 7.5, 20 % v/v PEG 400. Crystals were observed in conditions containing (D) 0.1 M 
MgCl2, 0.1 M Tris pH 7.5, 22 % v/v PEG 400; (E) 0.1 M NaCl, 0.04 M Tris pH 8, 25 % v/v PEG 
350 and (F) 0.1 M NaCl, 0.04 M Tris pH 8, 26.5 % v/v PEG 350. Crystal formation in (G) 0.05 
M MgAc2, 0.05 M NaAc pH 5.4, 22 % v/v PEG 400 and (H) 0.1 M NaCl, 0.05 M Glycine pH 9.5, 
31.5 % v/v PEG 300. For all set-ups, protein was crystallized with 1 mM choline in 25 mM Tris 
pH 7.5 was used. 
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      A                                           B                                             C 

 
     D                                          E 

 
Figure 3.17: Crystals of A. baylyi BetT1 in optimized screen conditions with choline as 
additive. 
Crystals grown in 0.1 M MgCl2, 0.1 M Tris pH 7.5 with either 19.5 % (A), 20.5 % (B) and 21.5 % 
(C) v/v PEG 400. Crystal formation in conditions containing (D) 0.1 M NaCl, 0.04 M Tris pH 8, 
26.5 % PEG 350 as well as (E) 0.05 M MgAc2, 0.05 M NaAc pH 5.4 and 22.5 % PEG 400. For 
all set-ups, protein in 25 mM Tris pH 7.5 was incubated with 1 mM choline for 1 h prior to 
crystallization. 
 

First optimization of the crystal conditions in 96-well plates resulted in partly bigger 

sized crystals (Figure 3.16). Crystals appear in various numbers and in different forms 

like rod shaped, rhombic as well as branched crystals. In addition, protein was also 

incubated with the potential substrate choline prior to crystallization revealing 

comparable results (Figure 3.17).  

 

       A                                                                                      B 
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       C                                                                                      D 

 
Figure 3.18: Crystals of BetT1 with corresponding diffraction pattern. 
A) Crystals grown in 0.1 M (NH4)2SO4, 0.1 M HEPES pH 7.5 and 12 % (w/v) PEG 4000 and B) 
shows the corresponding diffraction pattern with a resolution around 17 Å. C) Crystals grown in 
0.05 M NaCl, 0.1 M Na3-citrate pH 5.5 and 26 % (v/v) PEG 400 and D) displays the 
corresponding diffraction pattern with a resolution of 8 Å. 
 

The most promising crystals were tested at the SLS beamline (Villigen, Switzerland) 

and resulted in a diffraction of 30 – 10 Å. An example for a crystal diffracting till 17 Å is 

shown in Figure 3.18. The crystals in the size of 50 – 75 µm were triangular shaped 

and assembled to complexes of 6 – 7 crystals. Up to now, the best diffracting crystal 

with a size of 100 – 200 µm diffracted to a resolution of 8 Å. This crystal was grown in 

0.05 M NaCl, 0.1 M Na3-citrate pH 5.5 and 26 % (v/v) PEG 400. Interestingly, this 

condition is very similar to the conditions, which are used for the crystallization of BetP 

from C. glutamicum (Ressl et al., 2009). 

 

 

3.1.7 Reconstitution of BetT1 in E. coli polar lipid liposomes 

In order to investigate transport properties, BetT1 was reconstituted into liposomes. 

Pure protein samples of BetT1 derived from the DDM purification were reconstituted 

into E. coli polar lipids according to the protocol prior established for reconstitution of 

BetP (Rübenhagen et al., 2000). To test diverse conditions, E. coli polar lipids were 

dissolved in either 100 mM HEPES (pH 7.5), 100 mM Tris-HCl (pH 7.5) or 100 mM KPi 

(pH 7.5) to a concentration of 20 mg/ml and as lipid-to-protein ratio (LPR) 1:10, 1:10 

and 1:30, respectively, was used. Subsequently, freeze fracture electron microscopy 

was performed by Susann Kaltwasser to evaluate the reconstitution trials. 
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Figure 3.19: Freeze fracture images of BetT1 reconstitution into E. coli liposomes. 
Images of freeze fracture electron microscopy of BetT1 reconstitution into E. coli polar 
liposomes in 100 mM HEPES, LPR 10:1 (A); in 100 mM Tris-HCl, LPR 10:1 (B, C) and in 100 
mM KPi, LPR 30:1 (D, F). Arrows indicate incorporated BetT1 into the liposomes. Scale bar is 
200 nm. Freeze fracture was performed by Susann Kaltwasser. 
 

Freeze fracture electron microscopy images (Figure 3.19) of the different reconstitution 

set-ups revealed successfully incorporated BetT1 in E. coli polar lipids in Tris-HCl and 

KPi. In contrast, reconstitution into liposomes in HEPES buffer failed. Although in the 

KPi sample, less protein with a LPR of 30:1 was used, the proteoliposomes indicated 

more reconstituted protein than in Tris-HCl with a LPR of 10:1. BetT1 incorporated into 

proteoliposomes provide a starting point for further functional measurements, for 

example by manipulating the conditions on each side of the membrane. 

 

 

3.1.8 Transport properties of BetT1 in E. coli MKH13 cells 

BetT1 was further investigated in E. coli MKH13 cells to validate the hypothesis of 

choline transport. [14C]-choline and [14C]-betaine uptake properties in different buffer 

conditions were determined. 
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Figure 3.20: Choline vs. betaine uptake of BetT1 in E. coli MKH13 cells. 
Uptake of choline and betaine in nmol per mg dry cell weight were measured in 100 mM KPi 
and 100 mM NaCl for BetT1 in E. coli MKH13 cells. Uptake was started by adding saturating 
concentrations of 500 µM [14C]-choline or betaine. The gray highlighted area resembles the 
background activity for [14C]-choline and -betaine of MKH13 cells missing the corresponding 
plasmid coding for BetT1. The measurements represent the mean of at least three 
replicates/data point. The errorbars represent ± S.E.M.. 
   

                             
Figure 3.21: Preliminary pH dependency of BetT1 choline uptake in E. coli MKH13 cells. 
Uptake of choline in nmol per mg dry cell weight were measured for BetT1 in E. coli MKH13 
cells in 100 mM MES (pH 5.5), 100 mM MES pH (6.5), 100 mM HEPES (pH 7.5) and 100 mM 
CHES (pH 9.5). Uptake was started by adding saturating concentrations of 500 µM [14C]-
choline.  
 

Transport measurements could verify BetT1 as choline specific transporter (Figure 

3.20). Betaine was excluded as potential substrate with an uptake close to background 

activity in MKH13 E. coli cells. Furthermore, uptake measurements at different pH 

indicated optimal choline uptake activity at pH 7.5 (Figure 3.21).  

 

Subsequently, [14C]-choline uptake was explored at different external osmolalities to 

evaluate potential osmoregulatory properties of BetT1 (Figure 3.22). As perquisite for 

osmo-dependent choline transport, proton coupling was identified for the choline 

transporters BetT from E. coli and BetT2 from A. baylyi. In consequence, choline 

transport is inhibited by the protonophore CCCP, which uncouples proton and choline 
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transport. The influence of the ionophore CCCP on the choline uptake activity of BetT1 

in sodium-free buffer was investigated (Figure 3.23). In addition, kinetic parameters 

were determined for BetT1 in E. coli MKH13 cells (Table 3.1). 

 

 
Figure 3.22: Comparison of uptake activities of BetT1 and BetP in E. coli MKH13 cells. 
Uptake of choline for BetT1 of A. baylyi (A.b.BetT1) and betaine for BetP of C. glutamicum 
(C.g.BetP) in nmol per mg dry cell weight was measured in E. coli MKH13 cells under different 
external osmolalities for the time point of 1 min. Uptake was started by adding saturating 
concentrations of 500 µM [14C]-choline or 250 µM betaine, respectively. Each value is the 
mean ± S.E.M. of at least three measurements. 
 

                                
Figure 3.23: Effect of the protonophore CCCP and a sodium gradient on BetT1-mediated 
choline uptake in E. coli MKH13 cells. 
Uptake of choline in nmol per mg dry cell weight was measured in sodium-free buffer (100 mM 
KPi) in presence and absence of 50 µM CCCP in 100 mM KPi buffer (pH 7) as well as in 
presence and absence of 100 mM NaCl in KPi buffer (pH 7.5) for BetT1 in E. coli MKH13 cells. 
Uptake was started by adding saturating concentrations of 500 µM [14C]-choline. Each value is 
the mean ± S.E.M of three independent measurements. 
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Figure 3.24: Determination of kinetic parameters of BetT1-mediated choline uptake in E. coli 
MKH13 cells. 
Uptake of choline in nmol per minute and mg dry cell weight was measured in KPi buffer in 
absence and presence of 100 mM NaCl for BetT1 in E. coli MKH13 cells. For Km determination, 
the substrate concentration was varied from 25 to 300 µM [14C]-choline. Each value shows the 
average ± S.E.M of at least six independent measurements. 
 
Table 3.1: Kinetic parameters of BetT1-mediated choline uptake 

NaCl 
[mM] 

Km 

[µM] 
Vmax 

[nmol/min*mg dw] R2 

0 44.3 ± 10.6 6.8 ± 0.5 0.92 
100 49.9 ± 14.3 8.9 ± 0.8 0.91 

 

In Figure 3.22, the choline uptake activity of A. baylyi BetT1 is compared to the betaine 

uptake of C. glutamicum BetP in E. coli MKH13 cells at different external osmolalities. 

For BetP, betaine transport typically increased with elevated osmolalities. In contrast, 

BetT1 showed no activation under hyperosmotic stress indicating an osmo-

independent choline uptake. Initially, the choline uptake of BetT1 first slightly 

increases between 0 to 0.2 osmol/kg and this is followed by a steady reduction of the 

activity with higher osmolalities. Investigation of BetT1 transport properties in presence 

and absence of sodium revealed a sodium-independent high-affinity, but low capacity 

choline uptake system (Figure 3.23 and Figure 3.24). The apparent Km value for BetT1 

without sodium is ~44 µM, whereas the affinity decreases with sodium to ~50 µM 

(Table 3.1). Upon the addition of NaCl, the maximal velocity increases slightly from 6.8 

± 0.5 to 8.9 ± 0.8 nmol/min*mg dw. Furthermore, potential proton coupling of BetT1 

was examined at pH 7 (Figure 3.23). Apparently, reducing the pH from 7.5 to 7 did not 

alter the range of choline accumulation. Moreover, CCCP treatment leads to the 

decrease of the uptake by a factor of 2, which is not comparable to the abolished 

choline transport in the case of BetT from E. coli (Lamark et al., 1991) or A. baylyi 

BetT2 (Figure 3.7) in presence of the protonophore. The observed reduced choline 
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transport of A. baylyi BetT1 might be attributed to the in general degraded membrane 

potential caused by CCCP. Taken together, the results indicated BetT1 as osmo-

independent transporter being involved rather in choline uptake for catabolism than for 

osmostress response. Choline uptake of BetT1 does not rely either on proton or 

sodium coupling suggesting an uniport system entirely driven by the membrane 

potential adding a new transport mode to the BCCT family. 

 

 

3.1.9 BetP as model system for A. baylyi BetT1 

In addition to the crystallization of BetT1 from A. baylyi, BetP was used as model 

system for BetT1. The glycine motif of BetP was mutated to mimic the sequence of 

BetT1. 

 
Figure 3.25: Sequence alignment of the glycine motif of BetP and BetT1. 
Amino acid sequence alignment of the glycine stretch BetP from C. glutamicum (C.g.BetP) to 
BetT1 from A. baylyi (A.b.BetT1). In the structure of BetP, the glycine motif is located in an 
unwound segment approximately in the middle of TM3 (Ressl et al., 2009). Altered residues 
within the stretch of BetP and BetT1 are marked in red.  
 

The comparison of the residues of the glycine stretch, which is known to be responsible 

for the substrate specificity in BCC transporters, shows that the Met150 of BetP is 

replaced by an isoleucine in BetT1 (Figure 3.25). Instead of the glycine at position 153 

in BetP, which is highly conserved in betaine transporters of the BCCT family, an 

alanine is found for BetT1. 

Based on the sequence alignment with A. baylyi BetT1 (Figure 3.25), residues within 

the glycine motif were replaced by point mutations introduced into the vector pASK-

IBA5betP by site-directed mutagenesis performed by Jessica Devant. The following 

single and double BetP variants were created: 

 

1) BetP M150I 

2) BetP G153A 

3) BetP M150I/G153A 
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3.1.10  Transport properties of BetP variants in E. coli MKH13 cells 

BetP mutants were synthetized by E. coli MKH13 cells and finally [14C]-betaine uptake 

was measured at different osmotic conditions. 

 

 
Figure 3.26: Betaine uptake rates of BetP variants in E. coli MKH13 cells. 
Uptake rates of betaine in nmol per min and mg dry cell weight were measured as a fuction of 
external osmolality in E. coli MKH13 cells expressing the BetP mutants. The errorbars 
represent ± S.E.M. of triplicate experiments. Immunoblotting against the N-terminal StrepII-tag 
of the BetP variants in E. coli MKH13 membranes let estaminate the same level of protein 
production.  
 

Figure 3.26 displays the different activation profiles for betaine uptake of the 

substitution variants of BetP compared to the BetP WT. The single substitution variant 

BetP M150I shows a regulation pattern comparable to the WT, although the maximum 

activity at 1 osmol/kg is reduced about 50 %. BetP G153A and the double variant BetP 

M150I/G153A exhibit significantly altered betaine transport properties. In these cases, 

the betaine uptake rate is higher at lower osmolalities and decreases upon osmotic 

upshift. For BetP G153A, the maximum activity of approximately 140 nmol/min*mg dw 

is reached at 0.4 osmol/kg with an even slightly increased uptake rate as the BetP WT 

with 115 nmol/min*mg dw at 1 osmol/kg. In contrast, the double mutant achieves 

only a maximal betaine uptake activity of 75 nmol/min*mg dw.  

 

Subsequently, the [14C]-betaine as well as potential [14C]-choline uptake properties of 

BetP WT and BetP M150I/G153A in MKH13 cells were compared.  
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Figure 3.27: Betaine and choline uptake of BetP WT and BetP M150I/G153A in E. coli 
MKH13 cells. 
Uptake of either betaine (GB) or choline (Cho) in nmol per mg dry cell weight were measured at 
0.6 osmol/kg as a function of time in E. coli MKH13 cells expressing BetP WT or BetP 
M150I/G153A. Uptake was started by adding saturating concentrations of 250 µM [14C]-
betaine or 500 µM [14C]-choline. Each value is the mean ± S.E.M of three independent 
measurements. 
 

Betaine uptake of BetP WT and the double variant BetP M150I/G153A lies in the first 

3 minutes in a comparable range of approximately 200 nmol/mg dw (Figure 3.27). At a 

time point of 10 min, the betaine transport increases up to 520 nmol/mg dw for the 

mutant, whereas the WT reaches a lower level of uptake with 325 nmol/mg dw. In 

contrast, no significant choline uptake was observed for BetP M150I/G153A as well for 

BetP WT.  

 

 

3.1.11  Transport properties of BetP M150I/G153A in E. coli polar lipid 

proteoliposomes 

Since no significant choline transport could be reported for the BetP double variant 

M150I/G153A in transport measurements in E. coli cells, protein was reconstituted in 

liposomes to gain further insights into the transport properties. Therefore, expression 

of the double mutant was performed in E. coli DH5αTM-T1R and membranes were 

prepared. After solubilization with DDM, the protein BetP M150I/G153A was further 

purified by StrepTactin®-affinity chromatography (Section 2.3.4.3). The purified protein 

was reconstituted with a LPR of 30:1 into preformed liposomes of E. coli polar lipids 

according to the protocol established for BetP reconstitution (Rübenhagen et al., 

2000). For transport measurements, extruded proteoliposomes were diluted into 

buffer (20 mM NaPi pH 7.5, 25 mM NaCl, 1 µM valinomycin) containing saturating 
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concentrations of [14C]-betaine or [14C]-choline at 0.6 osmol/kg. Results are compared 

to the [14C]-betaine uptake of BetP WT under the same experimental conditions. 

 

 
Figure 3.28: Choline and/or betaine uptake of BetP M150I/G153A and BetP WT in E. coli 
proteoliposomes. 
Uptake of either choline (Cho) and/or betaine (GB) in nmol per mg protein was measured at 
0.6 osmol/kg as a function of time for BetP M150I/G153A as well as for the BetP WT 
reconstituted into E. coli polar lipid liposomes. Uptake was started by adding saturating 
concentrations of 50 µM [14C]-betaine or 250 µM [14C]-choline, respectively. Each value is the 
mean ± S.E.M. of at least six independent measurements. 
 

The transport measurement for the BetP variant M150I/G153A reconstituted into 

liposomes shows compared to BetP WT a pronounced decrease in the betaine uptake 

rate. Furthermore, BetP M150I/G153A is able to transport choline with a higher activity 

than observed for betaine (Figure 3.28). The capability of BetP WT in proteoliposomes 

to transport choline was excluded by former studies (Perez et al., 2011b). Based on 

these findings, the BetP variant M150I/G153A could be used, beside the native 

choline transporter BetT1 from A. baylyi, as alternative crystallization target to provide 

first structural insights to the coordination of the substrate choline by an unpolar 

alanine within the glycine stretch in the BCCT family. 
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3.2 Discussion 

3.2.1 Impact of the glycine stretch in choline transport 

Sequence alignments of BCC transporters revealed characteristic conservation 

patterns within the glycine stretch, which was identified being responsible for the 

substrate specificity in the BCCT family (Perez et al., 2011b; Ziegler et al., 2010). The 

conserved sequence of Ala-Gly-Met-Gly-Ile-Gly was found for the sodium-coupled 

betaine transporter BetP from C. glutamicum as well as for BetT2 from P. aeruginosa. 

Instead of the methionine and the last glycine in this motif, an isoleucine and 

aspartate, respectively, can be indicated for BetT from E. coli and BetT2 from A. baylyi. 

In general, A. baylyi BetT2 shares the highest identity of 68 % with E. coli BetT, whereas 

identities of 44 %, 42 % and 28 % are reached for P. aeruginosa BetT2 and BetT3 as 

well as C. glutamicum BetP, respectively.  

BetT from E. coli was characterized as proton-coupled choline transporter (Lamark et 

al., 1991). Within the glycine stretch, the crucial role of the aspartate during proton-

coupled choline transport was shown in a BetP mutant, in which the last glycine in the 

sequence was exchanged against an aspartate (Perez et al., 2011b). Consequently, 

BetP was turned into a choline transporter by a single point mutation. The crystal 

structure of BetP G153D demonstrated how choline is coordinated by the aspartate in 

the glycine stretch in TM3 of BetP. Furthermore, functional analysis revealed the 

additional capacity of BetP G153D to couple the transport of choline to protons most 

likely by the transient protonation of the aspartate. The requirement for proton-coupled 

transport is the presence of a side chain of a residue, which pKa shifts in different 

transporter states of the alternating access cycle allowing protonation and 

deprotonation. This proton could be coordinated between the aspartate and the 

hydroxyl group of choline, which is similar to the coordination in the periplasmic 

choline-binding protein ChoX (Oswald et al., 2008). In this thesis, proton-coupled 

choline transport for BetT2 was confirmed in transport measurements in the 

heterologous host E. coli (Figure 3.7). BetT1 from A. baylyi shows sequence identities 

of 50.4 %, 40 % and 30 % to P. aeruginosa BetT1, E. coli BetT and C. glutamicum BetP, 

respectively. The glycine motifs of BetT1 from A. baylyi but also BetT1 and BetT3 from 

P. aeruginosa are less conserved. In the osmoregulatory BetT3 of P. aeruginosa, the 

second glycine is exchanged against a serine and the last position of the stretch 

comprises a polar threonine instead of an aspartate or glycine (Figure 3.29). Due to 
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missing kinetic data of BetT3, it can be only speculated, that BetT3 is proton-coupled. 

Here, two polar residues, most likely by their hydroxyl groups, instead of a charged 

aspartate might maintain a proton-dependent coordination of choline. The choline 

transporter BetT1 from A. baylyi comprises an unpolar alanine instead of an aspartate 

or threonine/serine. Consequently, the proton-coupling properties were tested for A. 

baylyi BetT1. The presence of the protonophore only reduced the uptake for BetT1 

(Figure 3.23), but did not abolish the transport as for A. baylyi BetT2 (Figure 3.7) and 

BetT from E. coli (Lamark et al., 1991). The reduced choline transport of BetT1 might 

be attributed to the decrease of the complete membrane potential of E. coli in 

presence of the protonophore. Compared to A. baylyi BetT1, one serine was identified 

at the last position of the aspartate for the osmo-independent transporter BetT1 from 

P. aeruginosa. The presence of one serine might be not enough for proton coupling, 

although choline coordination might not be strictly associated with protonation in the 

BCCT family (Perez et al., 2011b). 

 

 
Figure 3.29: Multisequence alignment of the glycine motif of BCCTs from A. baylyi, C. 
glutamicum and P. aeruginosa. 
Multiple amino acid sequence alignment of the glycine stretch (red) of A. baylyi BCCTs BetT1 
and BetT2 to BetP from C. glutamicum, BetT from E. coli as well as BetT1-3 from P. aeruginosa. 
Numbering of the residues corresponds to BetP. In the structure of BetP, the glycine motif is 
located in an unwound segment between the intracellular part and extracellular part of TM3 
(TM3i and TM3e) (Ressl et al, 2009). The α–helical parts are depicted as black bars on the top 
of the alignment. The (*) marked residues were shown to be mainly responsible for substrate 
specificity (Perez et al, 2011b). 
 

 

3.2.2 H+- vs. Na+-coupled transport in osmoregulation 

The osmo-profile in E. coli confirms a primary role of A. baylyi BetT2 in osmoprotection 

(Figure 3.6). This is consistent with E. coli BetT, which is activated upon hyperosmotic 

stress conditions (Lamark et al., 1991). Furthermore, BetT2 comprises a hydrophilic C-
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terminal domain with a length of 178 amino acids, which is sharing 95 amino acids 

with the 177 hydrophilic residues of the regulatory domain of BetT from E. coli 

contributing to the high overall sequence identity. Long terminal extensions were 

shown to contribute to the osmoregulatory and osmosensory properties of choline and 

betaine transporting BCCTs (Ziegler et al., 2010). Due to the high overall identity to 

BetT1 from E. coli and the identical sequence of the glycine stretch, the same 

functional characteristics (proton-coupling and osmoregulation) were expected for 

BetT2. A. baylyi BetT1 exhibits only a short C-terminal stretch of 20 hydrophilic 

residues. In contrast, the role of BetT1 from A. baylyi was less clear. The absence of 

long C-terminal extensions corresponds to the finding that the activity of A. baylyi BetT1 

is not osmoregulated. According to this, the salt-independent choline transporter BetT1 

from P. aeruginosa as well as also the substrate/product antiporter CaiT from E. coli 

and Proteus mirabilis are missing long C-terminal extensions (Malek et al., 2011; 

Schulze et al., 2010). Moreover, proton-coupled choline transport was excluded for the 

osmo-independent transporter BetT1 from A. baylyi (Figure 3.23). Hence, proton-

coupling might be the perquisite of osmo-dependent choline transport. 

 

Compared to the positively charged trimethylammonium compound choline, the 

zwitterionic betaine was found to be symported with Na+ ions in osmo-dependent 

BCCTs. Crystallization and MD simulation allowed the assignment of the residues 

involved in the formation of sodium-binding sites, namely Na2 and Na1’ site, in the 

sodium-coupled BetP (Khafizov et al., 2012). In the Na2 site, which is conserved also 

among other LeuT-fold transporters, T467/S468 are mediating crucial side chain 

interactions with the sodium ion in BetP (Figure 3.30). A similar conserved pattern can 

be observed also for proton-coupled BCCTs. The Na2 site might be occupied with the 

positive charge of choline in proton-coupled transporters. Together with the protonable 

residue within the glycine stretch of osmo-dependent choline transporters, this might 

fulfill the requirements for the conformational change needed for the translocation of 

the substrate. 

In BetP, the side chains of T246/T250/F380 are responsible for the coordination of 

sodium at the Na1’ site. However, this site is not conserved among FIRL-fold 

transporters and can be replaced by a positively charged residue (Khafizov et al., 

2012). Alternations within these residues are also present among proton- as well as 

sodium-coupled transporters. In the choline-transporting mutant BetP G153D, the Na1’ 
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site still exists, probably leading to the ability to transport choline additionally in a 

sodium-coupled way (Perez et al, 2011b). 

Interestingly, the serine of Na2 is exchanged against a helix-breaking proline as well as 

the second threonine of Na1’ is replaced by a hydrophobic leucine in both osmo-

independent transporters BetT1 from A. baylyi and P. aeruginosa (Figure 3.30). In 

general, both potential sodium-binding sites in the osmo-independent transporters can 

be considered as not conserved. 

 

A 

 
B 

 
Figure 3.30: Sodium-binding sites in the BCCT family. 
Sequence alignment of regions involved in sodium binding in BetP from C. glutamicum to 
BetT1-3 from A. baylyi BetT from E. coli and BetT1-3 from P. aeruginosa (left). Residues framed 
in red mediate side chain interactions, whereas residues framed in green mediate backbone 
interactions in BetP. Close-up views of simulation snapshots for the Na2 site (A) and Na1’ site 
(B) of BetP. Simulation snapshot of the Na2 site is superimposed with the Fo-Fc difference 
density map before placing the ion (contoured at 3.0σ, green) and the 2Fo-Fc map (contoured at 
1.0σ, purple) for PDB 4AIN. Residues and helices are labeled by the according amino acid or 
transmembrane helix number of BetP, respectively (adapted from Khafizov et al., 2012).  
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3.2.3 Alternative choline uniport systems 

The experiments in this thesis indicated A. baylyi BetT1 not being sodium- as well as 

proton-coupled, facilitating choline uniport driven by the membrane potential (Figure 

3.23). This is adding a new transport mode not only to the spectra of BCCT family but 

also to the LeuT-fold transporters. Because choline is also an essential nutrient in 

eukaryotic cells, our data might be extended to understand eukaryotic choline 

transporters. In higher eukaryotes, choline plays a role in the synthesis of the 

membrane phospholipids as well of the neurotransmitter acetylcholine. Choline 

deficiency affects the expression of genes, which are associated with liver dysfunction 

and cancer. Furthermore, abnormal choline transport and metabolism have been 

implicated in a number of neurodegenerative disorders such as Alzheimer’s and 

Parkinsons’s desease (Michel et al., 2006). Beside Na+ and Cl--dependent high affinity 

choline transporters CHTs (Km 0.5 – 3 µM) in cholinergic neurons (Black and Rylett, 

2012; Michel et al., 2006), also ubiquitous Na+-independent intermediate affinity 

transporters CTLs (choline transporter-like) can be found (Michel et al., 2006). 

Although the choline transporter CTL1 has been reported to be a H+/choline exchanger 

(Traiffort et al., 2013), more recent experiments excluded the outward H+ gradient-

dependency. Acidification and alkalization of the intracellular pH as well the addition of 

the protonophore FCCP decreased the choline uptake only marginal suggesting a 

membrane potential-dependent choline uptake (Horie et al., 2014). Choline is 

transported by these transporters with an intermediate affinity of ~10 µM and for 

CTL1, 10 highly conserved TM domains with intracellular N- and C-termini were 

predicted (Michel et al., 2006).  

Polyspecific organic cation transporters (OCTs) are low affinity choline transporters with 

an apparent Km of 20 – 200 µM (Michel et al., 2006). OCTs translocate choline in a 

Na+- and H+-independent manner (Lozano et al., 2013). As major driving force for 

choline transport, the membrane potential was identified (Michel et al., 2006). These 

transporters are distributed in liver and kidney (Lozano et al., 2013), but 

representatives were also reported in cholinergic neurons (Nakata et al., 2013). 

Structure predictions revealed 12 TM domains with termini facing the cytoplasm with 

highly conserved sequence motifs to the MFS family (Lozano et al., 2013). In summary, 

diverse transport systems for choline were identified and due to the important role of 

choline, further investigations are required to unravel the precise transport 

mechanisms. 
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3.2.4 Crystallization of A. baylyi BetT1 

The molecular mechanism of choline uniport for A. baylyi BetT1 could not be defined 

yet. Crystallization of the transporter is still ongoing and revealed crystals with the 

maximum diffraction of 7 Å up to now (Figure 3.18).  
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Figure 3.31: Prediction of BetT1 crystallization probability. 
The crystallization probability was calculated from the A. baylyi BetT1 protein sequence by the 
XtalPred server (http:// ffas.burnham.org/XtalPred). Disordered regions are underlined in the 
respective sequence and an arrow indicates the length of the longest disordered region.  

 

The crystallization success rate was investigated by the XtalPred server, which 

calculates a so-called ‘’crystallization feasibility’’ (Figure 3.31) (Slabinski et al., 2007). 

Due to long disordered regions at the N- and C-terminus, the crystallization of BetT1 

was classified as rather less promising. The unordered regions of BetT1 could explain, 

why no better diffracting crystals were obtained. In addition, the SERp server proposed 

three clusters within the BetT1 sequence, which by substitution might enhance the 

probability for crystallization (Figure 3.32) (Goldschmidt et al., 2007). Successful 

crystallization for other BCCTs like BetP and CaiT was achieved with the detergent 

Cymal-5 (Ressl et al., 2009; Schulze et al., 2010). In this thesis, BetT1 crystal growth 

was only observed in DDM. In comparison to Cymal-5, DDM is forming larger detergent 

micelles, which stabilize the proteins in solution. Larger sized micelles are known to 

impede interactions between the protein molecules required for crystal contacts 

(Gutmann et al., 2007). Modifications like the substitution of the clusters and 

truncations of the N-terminal His-tag as well as the change to smaller detergents might 

improve the 3D crystallization of BetT1. Furthermore, a stabilizing effect by re-lipidation 

of membrane proteins during crystallization was observed in crystallization techniques 

like HiLiDe (Gourdon et al., 2011). The role of lipids was already discussed also for 

BetP due to the specific bound negatively charged PG lipids, which were resolved in a 

crystal structure (Koshy et al., 2013).  

 

 
Figure 3.32: Surface Entropy Reduction prediction (SERp) for BetT1. 
Clusters for surface entropy reduction to enhance the crystallization probability were estimated 
from the BetT1 amino acid sequence by the SERp server (http://services.mbi.ucla.edu/SER/). 
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SERp scores higher than 3 indicate good candidates for mutation. Residues proposed for 
substitution are shaded green, other mutatable high entropy residues are shaded blue and low 
entropy residues are shaded yellow. 
 

However, the overall fold of BetT1 will be comparable to trimeric BetP or CaiT. The 

formation of trimers for BetT1 was already confirmed by BN-PAGE (Figure 3.14). A first 

homology model for protomeric BetT1 is shown in Figure 3.33. The model was 

generated by the ModBase server (Pieper et al., 2014). 

 

 
Figure 3.33: Homology model of A. baylyi BetT1. 
The homology model of BetT1 was generated using the ModBase server 
(http://modebase.compbio.ucsf.edu/modebase-cgi/index.cgi) from the crystal structure of 
BetP from C. glutamicum with a sequence identity of 35 % (Ressl et al., 2009; Sand et al., 
2014). BetT1 is lacking the N- and C-terminal extensions responsible for osmoregulation. 
 

 

3.2.5 BetP as model system for BetT1 

For an alternative crystallization approach, the model system BetP from C. glutamicum 

was used as a blue print for A. baylyi BetT1. Transforming BetP into a transporter with 

different substrate specificity was already successful in former studies, which 

benefited from the well-established purification and crystallization protocol (Gärtner, 

2014; Perez et al., 2011b). Therefore, the glycine stretch of BetP was mutated in 

respect to the choline transporter BetT1 from A. baylyi. Functional analysis indicated 

that regulation of betaine transport was dramatically changed for BetP G153A and 

regulation was lost for M150I/G153A. Interestingly, the pattern of choline transport of 

BetT1 (Figure 3.22) is comparable to this of the double mutant for betaine (Figure 

3.26). It was speculated, that the tight coupling/decoupling of the substrate is 

responsible for the regulation of transport in BetP (Gärtner, 2014). Apparently, the 
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plasticity of the glycine stretch, which is supposed to move approximately 6 Å during 

transport cycle, was altered. Additionally, local protein-protein interactions as well 

protein-lipid interactions at this site might be changed (Koshy et al., 2013). Similar 

changes in the regulation and uptake rate of betaine in mutants of the glycine stretch 

were reported before (Gärtner, 2014; Perez et al., 2011b). In proteoliposomes, choline 

transport was observed for BetP M150I/G153A (Figure 3.28), whereas choline uptake 

was not observed for BetP in E. coli cells. In comparison to cell measurements, purified 

protein can reconstitute bidirectionally. In BetP M150I/G153A, both sodium-binding 

sites remained almost unchanged. Exposed sodium-binding sites in BetP, which is 

embedded in the right orientation in liposomes as it should be in the cell membrane, 

with or without bound sodium in the outward open conformation might impede binding 

and transport of the positively charged choline. Transport of substrate can principally 

function in both directions in secondary transporters. Thus, inward open but outwards 

oriented BetP M150I/G153A might allow the transport of choline inside of the 

liposomes, because in this conformation the sodium sites are not exposed. This would 

explain the missing choline uptake properties of the BetP double mutant in E. coli cells. 

An extended substrate specificity of BetP M150I/G153A to choline would alternatively 

allow the structural investigation of the coordination of choline by an unpolar alanine 

within the glycine stretch, if the crystallization of A. baylyi BetT1 will fail.  

 

 

3.2.6 Physiological role of pathogen-relevant choline transport 

Pathogenic P. aeruginosa is equipped with several BCC transporters. In contrast to A. 

baylyi, P. aeruginosa is able to use choline not only as precursor for the 

osmoprotectant betaine, but also as carbon source. In the pathogenic bacterium, in 

total three transporter were reported to mediate choline uptake: BetT1, BetT3 and the 

ABC-transporter CbcXWV (Malek et al., 2011). The impaired choline uptake of the A. 

baylyi double deletion mutant of BetT1 and BetT2 led to the conclusion, that this 

BCCTs are the only choline transporters in A. baylyi (Sand et al., 2014). In P. 

aeruginosa BetT3, analogously to BetT2 from A. baylyi, was found to be the major 

choline transporter upon hyperosmotic stress. The osmo-independent BetT1 and 

CbcXWV were reported to have a major role for growth of P. aeruginosa on choline. 

Thus, A. baylyi BetT1 is rather involved in catabolism than in osmoprotection and is 

proposed to play a role in the metabolic adaption to choline-rich environments. This 
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conclusion is supported by the findings of the group of B. Averhoff showing that choline 

is taken up and oxidized to betaine even in the absence of salt stress in A. baylyi (Sand 

et al., 2014). According to this, Kleber and colleagues discovered that Acinetobacter 

calcoaceticus 69V co-metabolize choline when grown on acetate as carbon source 

(Kleber et al., 1977). In consequence, the end product betaine of the choline oxidation 

has to be excreted, what was also observed for A. baylyi under isoosmotic conditions. 

The transport system allowing the efflux of betaine in A. baylyi is not identified yet. As 

potential efflux systems, a counterflow mediated by the osmoregulated betaine 

transporting BCCTs BetT3 at isotonic conditions was proposed. The counterflow was 

excluded for A. baylyi BeT3 by deletion mutants, which shows still betaine efflux 

(personal communication B. Averhoff). Additionally, substrate/product antiport of 

BetT1 could not be confirmed by preloading cells as well as proteoliposomes with 

betaine (data not shown). It has to be noted, that betaine efflux was not observed 

under hyperosmotic stress conditions, in which BetT2 is responsible for the uptake of 

choline uptake as precursor for betaine as osmoprotectant. This is indicating a 

regulated system for choline in- and betaine-efflux. In consequence, BetT2 might be 

addressed in further studies as betaine export system under isotonic, down-regulating 

conditions.   

However, A. baylyi was not able to use choline as single carbon source. But the oxygen 

consumption increased independent of high salinity after addition of choline to A. 

baylyi cells. Based on this, it was speculated, that in choline-rich environments choline 

oxidation might lead to an energetic benefit for the soil bacterium A. baylyi (Sand et al., 

2014). Choline is a fundamental metabolite in plants. It can be found as component of 

the membrane lipid phosphatidylcholine, which accounts 40 – 60 % of lipids in non-

plastid plant membranes (Moore, 1990). Other membranous environments are 

colonized by pathogenic A. baylyi relatives as A. baumannii. As adaption of 

Acinetobacter to membranous environments at infection sites, choline might be 

provided by phospholipases from abundant host molecules such as 

phosphatidylcholine and sphingomyelin representing 50 – 90 % of phospholipids in 

eukaryotic cell membranes (Zachowski, 1993). The screening of different A. baumannii 

strains revealed that the bet gene cluster including the osmo-dependent and osmo-

independent BCCTs, BetT2 and BetT1, respectively, is widely distributed. It can be 

found for strains, such as A. baumannii ATCC 19606, ATCC 17978, SDF as well as for 

the multidrug resistant strains AYE and AB0057 (Sand et al., 2014). A study 
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demonstrated for the pathogen P. aeruginosa that the bet gene cluster is among the 

most highly expressed genes in cystic fibrosis patients and choline is actively acquired 

during infections (Malek et al., 2011; Son et al., 2007). Thus, it can be proposed that 

the choline oxidation pathway and the choline transporter in combination with distinct 

phospholipases, which were shown to be important for the pathogenesis of A. 

baumannii (Camarena et al., 2010; Jacobs et al., 2010), play a major role in metabolic 

adaption of pathogenic Acinetobacter to host tissues (Sand et al, 2014). 
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4 Regulatory role of charged clusters in the N-terminal 

domain of BetP from Corynebacterium glutamicum 

 

Several experiments for BetP from C. glutamicum as well as for other BCC 

transporters demonstrated the contribution of their terminal extensions to 

osmoregulation. BetP exhibits not only a long mainly positively charged C-terminal 

domain but also a long negatively charged N-terminal domain. Whereas the α-

helical C-terminal domain was identified as a chemosensor sensing the increase 

of internal K+ concentration upon osmotic upshift (Peter et al., 1998a; Schiller et 

al., 2004), the functional impact of the N-terminal domain in osmoregulation 

remains unclear. Truncations of the N-terminal domain renders BetP less 

osmosensitive in C. glutamicum comprising only negatively charged lipids, 

whereas lose their osmoregulatory properties in the heterologous host E. coli with 

less than 30 % negatively charged lipids. The data suggest that negative charges 

either from lipids (C. glutamicum) or the N-terminal domain (E. coli) are absolutely 

essential for regulation. As negatively charged lipids can compensate for the lack 

of the N-terminal domain and vice versa (Ott et al., 2008), it is assumed that they 

compete for the same interaction site. Opposite charges of the C-terminal and N-

terminal domain of BetP and the relevance of the anionic lipids during osmostress 

activation let suggest an interaction between these three elements in the 

regulation mechanism.  

 

 

4.1 Results 

4.1.1 Selection of negatively charged clusters of the N-terminal domain of BetP 

The 60 amino acid long N-terminal domain of BetP comprises 15 negatively and 

only two positively charged residues, which are not conserved among other 

members of the BCCT family. The negatively charged residues are arranged 

partially in clusters of 2 – 3 residues: E13/D14 (negatively charged cluster1, 

NC1); E24/25 (negatively charged cluster2, NC2) and E44/E45/E46 (negatively 

charged cluster3, NC3). The latter two were identified by the SERp server to 

impede crystallization (Figure 4.2) (Goldschmidt et al., 2007). The approach of 
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this server relies on the concept of surface entropy reduction (SER) and identifies 

flexible, solvent-exposed residues within the protein sequence, which by 

replacement to residues with lower conformational entropy lead to an increased 

probability for crystallization (Goldschmidt et al., 2007). As a result, these two 

clusters revealed SERp scores higher than 3.0 indicating good candidates for 

mutation. Indeed, diffraction of BetP WT crystals was limited to 6 Å, whereas 

successful crystallization up to 2.7 Å was performed with a N-terminally truncated 

mutant BetPΔ29EEE44/45/46AAA (BetPΔ29NC3A) missing NC1 and NC2 due to 

truncation and exchange of NC3 by alanine substitution (Figure 4.1) (Koshy et al., 

2013).  

Furthermore, for the N-terminal domains of the BetP WT, NC2 and NC3 are 

predicted to comprise two potential α-helical segments of 10 – 15 amino acids, 

respectively (Figure 4.3, BetP WT). In a recently published BetP structure the α-

helical structure of the remaining N-terminal domain around the alanine 

substituted NC3 were resolved from Gln55 to Ala41 (Perez et al., 2012). 

 

 
Figure 4.1: Alignment of the N-terminal domain of BetP WT and BetPΔ29NC3A.  
Amino acid sequence alignment of the N-terminal domain of BetP WT and the N-
terminally truncated crystallization mutant BetPΔ29NC3A. Negatively charged residues 
are framed red and positively charged residues blue. Negatively charged clusters are 
indicated for E13/D14 (NC1), E24/E25 (NC2) and E44/E45/E46 (NC3).  
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Figure 4.2: Surface Entropy Reduction prediction (SERp). 
Clusters for surface entropy reduction were estimated from the BetP protein sequence 
using the SERp server (http://services.mbi.ucla.edu/SER/). SERp scores higher than 3 
indicate good candidates for mutation. Residues proposed for substitution are shaded 
green, other mutatable high entropy residues are shaded blue and low entropy residues 
are shaded yellow. SS Coil Confidence for residues being in a coil region, range from 0 – 
1.0. Entropy Avg being the average of the side chain entropy of 3 residues, range from 0 
for no entropy – 1.0 for high entropy. Blast Conserved describes the conservation of 
BLAST aligned sequences, range from 0 (no conservation) – 1.0 (fully conserved). Blast 
Mutated is the fraction of BLAST aligned sequences containing the target residue (A) at 
this position, range from 0 (none) – 1.0 (all). 
 

In order to evaluate the impact of the selected clusters in osmoregulation, point 

mutations were introduced individually and together into the vector pASK-

IBA5betP by site-directed mutagenesis. The clusters in the protein sequence were 

substituted by alanines leading to the following N-terminal BetP variants: 

 

1) BetP E13A/D14A, hereafter referred to as BetP NC1A 

2) BetP E24A/E25A, hereafter referred to as BetP NC2A 

3) BetP E44A/E45A/E46A, hereafter referred to as BetP NC3A 

4) BetP E13A/D14A/E24A/E25A, hereafter referred to as BetP NC12A  

5) BetP E13A/D14A/E24A/E25A/E44A/E45A/E46A, hereafter referred to as 

BetP NC123A  

 

The impact of the folding for the N-terminal domains of BetP variants was 

investigated by secondary structure predictions based on the substituted amino 

acid sequences of the BetP variants.  
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Figure 4.3: Secondary structure of the N-terminal domain of BetP WT and NCA variants. 
Secondary structure prediction of the N-terminal domain of BetP from C. glutamicum was 
performed by the PSIPRED webserver (McGuffin et al., 2000). Negatively charged 
clusters and the corresponding alanine substituted positions are indicated by red lines. 
 

The secondary structure predictions (Figure 4.3) suggest that the helical fold is 

slightly affected by the substitutions of the clusters when the length of the helix as 

well as the confidence of prediction is compared. For the N-terminal domains of 

the BetP WT, NC1A, NC2A and NC12A, the second helical segment exhibit only a 

BetP  WT

BetP  NC123A

BetP  NC12A

BetP  NC3A

BetP  NC2A

BetP  NC1A

BetPΔ29NC3A
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low confidence level, whereas BetP NC3A and NC123A showed an increased 

probability for the helical fold. Interestingly, alanine substitutions of NC2, NC12 

and NC123 revealed a longer first helical segment, with Glu18 and Gln19 being 

still part of the helix. 

 

 

4.1.2 Transport properties of N-terminal BetP variants in E. coli MKH13 cells 

The N-terminal modified betP mutants were expressed and the corresponding 

BetP proteins were synthetized in E. coli MKH13 cells. Subsequently, [14C]-

betaine uptake rates were measured under hyperosmotic conditions in order to 

evaluate the effect on the osmoregulatory properties of the alanine substituted 

BetP variants (Figure 4.4). Results are compared to the transport properties of 

BetP WT under the same experimental conditions. 

 
         A 

 
        B 

         
Figure 4.4: Betaine uptake rates of BetP NCA variants in E. coli cells. 
Uptake rates of betaine in nmol per min and mg dry cell weight were measured in 
dependence to the external osmolality in E. coli MKH13 cells expressing BetP NC123A, 
NC12A and NC3A (A) as well as BetP NC1A and NC2A (B). Each value is the mean ± 
S.E.M. of at least three independent measurements. Immunoblotting against the N-
terminal StrepII-tag of the BetP variants in E. coli MKH13 membranes demonstrates the 
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same level of synthesis. Additionally, the complete Western Blot shows the migrating 
behavior of the BetP variants during SDS-PAGE (A, top right). (M) PageRulerTM Prestained 
Protein Ladder (Thermo Scientific Molecular Biology). 
 

The osmotic profiles of BetP NC12A, NC123A, and NC2A are significantly affected 

when compared with BetP WT. BetP NC12A and NC123A are constantly down-

regulated maintaining wild type basal transport rate over the whole range of 

osmolality. BetP NC2A is deregulated with a nearly constant betaine uptake rate 

of slightly above the WT basal activity (Figure 4.4 B). In contrast, BetP NC1A 

exhibits an osmo-dependent betaine uptake rate with slightly increased uptake 

rates compared to BetP WT. The uptake rate of BetP NC3A reaches its maximum 

activity at lower osmolalities (0.6 osmol/kg) than BetP WT (1 osmol/kg) (Figure 

4.4 A). Additionally, the maximal uptake rate is reduced by ~ 20 % and the osmo-

profile is flattened. The replacement of the N-terminal clusters in the BetP 

variants NC3A, NC12A and NC123A slightly changed the migration behavior 

during SDS-PAGE analysis (Figure 4.4 A) indicating either a different folding 

behavior or even different amount of bound lipids. Aside of the first 20 amino 

acids indicated as essential in C. glutamicum before (Peter et al., 1998a), NC2 

can be assigned as the crucial negatively charged cluster within the N-terminal 

domain regarding osmoregulation of BetP in the heterologous host E. coli.  

 

 

4.1.3 Potential interaction of N- and C-terminal domains 

Although NC2 in the N-terminal domain was narrowed down from others and 

identified to have a crucial function, the contribution of the N-terminal domain to 

the osmoregulatory mechanism was previously predicted to be indirect via the C-

terminal domain (Ott et al., 2008). Certainly, an interaction between the 

negatively charged cluster E24/E25 with positively charged residues of the C-

terminal domain could be assumed. In order to predict potential interacting 

residues at the C-terminal end, a trimer was modelled based on one protomer 

with a partially resolved N-terminal domain (chain A, PDB entry code 4AIN) and 

the protomer with the best-resolved C-terminal domain (chain A, PDB entry code 

2WIT) (Figure 4.5) to date. Secondary structure predictions of the N-terminal 

domain using the PSIPRED webserver (McGuffin et al., 2000) suggested two α-
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helical segments separated by a short loop region between residues 31 – 35 

(Figure 4.3). This loop region contains a proline residue (Pro33) that could 

potentially cause a kink changing the orientation of the first half of the N-terminal 

domain. Taking this potential bending into account, the most plausible interaction 

partners for the N-terminal domain NC2 with the C-terminal helix were the 

positively charged R576 and R583 (personal communication Dr. Caroline Koshy, 

Figure 4.5). Interestingly, these residues are nearly identical with crystal contacts 

(Figure 4.12) formed by Arg574-Asp356 and Arg584-Glu175 by the C-terminal 

domain and loops at the periplasmic side of the symmetry related trimer. 

 

 
Figure 4.5: Model of potential C-terminal interaction sites. 
Protomer A of the BetP trimer (PDB entry code 4AIN) containing the longest resolved N-
terminal domain was modelled into the position of protomer C in the BetP trimer, in which 
protomer A exhibits the longest resolved C-terminal domain (PDB entry code 2WIT). The 
inset shows potential interactions between the N-terminal domain and Arg576 or Arg583 
within the C-terminal domain. 
 

To further investigate potential interactions between NC2 of the N-terminal 

domain as well as Arg576 and Arg583 of the C-terminal domain, the 

corresponding residues were replaced by cysteines creating the following different 

combinations of BetP cysteine variants: 

 

1) BetP E24C/R576C 

2) BetP E25C/R576C 

3) BetP E24C/R583C 

4) BetP E25C/R583C 
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Single C-terminal cysteine mutants were also required to be examined as controls 

and therefore site-directed mutagenesis was performed to introduce the following 

point mutations in BetP: 

 

1) BetP R576C 

2) BetP R583C  

 

However, even after several replications, only the cysteine variant BetP R576C 

could be produced.  

 

 

4.1.4 Transport properties of cysteine variants of BetP in E. coli MKH13 cells 

To inspect the transport activity, the double cysteine variants and single C-

terminal cysteine variant were synthetized in E. coli MKH13 cells and 

subsequently the uptake of [14C]-betaine was measured under different osmotic 

conditions. 

 

                           A 

                                    
                            B 

                             
Figure 4.6: Betaine uptake rates of BetP variants with double and single cysteine 
substitutions in E. coli MKH13 cells. 
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Uptake rates of betaine in nmol per min and mg dry cell weight were measured in 
dependence to the external osmolality in E. coli MKH13 cells expressing N-terminal 
double cysteine BetP mutants (A) and single cysteine variant BetP R576C (B). Each point 
shows the average of at least three independent measurements. The errorbars represent 
± S.E.M.. Immunoblotting against the N-terminal StrepII-tag of the BetP variants in E. coli 
MKH13 membranes detect a comparable level of protein synthesis.  
 

The double cysteine variants of BetP show in all cases a significant altered 

osmotic activation profile, although none of the BetP variants abolish activity 

completely. BetP E24C/R576C, BetP E25C/R576C as well as BetP E25C/R583C 

show similar osmo-profiles with significantly different uptake rates from basal WT 

activity for E24C/R576C to 2/3 of maximal WT activity for E25C/R576C (Figure 

4.6 A). They all exhibit a more or less pronounced maximal activity at 0.6 

osmol/kg. The subsequent decrease of activity is followed by a slight increase at 

1.0 osmol/kg. In contrast, BetP E24C/R583C shows a deregulated constitutively 

active betaine uptake rate at 1/2 of WT activity. Surprisingly, the single C-terminal 

cysteine variant BetP R576C is down regulated at basal WT activity (Figure 4.7 B), 

but can be rescued by the additional mutation at E25C in the double cysteine 

variant (Figure 4.6 A). 

 

 

4.1.5 Disulfide cross-linking of cysteine variants of BetP 

In order to examine the effect of site-directed cross-linking on the oligomerization 

state of these BetP variants in vivo, the double mutants were produced in E. coli 

DH5αTM-T1R cells as described in Section 2.3.1. The membranes of the cells were 

prepared and incubated for 1 h with copper-o-phenanthroline (CuPh). This oxidant 

leads to oxidative conditions and induces disulfide bond formation only if the 

cysteine residues involved are in close proximity. Cleavage of the disulfide bonds 

was achieved by the addition of the reducing agent TCEP. The same procedure 

was applied for the single C-terminal cysteine mutant BetP R576C and BetP WT. 

Non-reducing SDS-PAGE was performed with all samples for Western blot analysis 

to gain information about the oligomerization state of the different proteins. 
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Figure 4.7: Disulfide cross-linking of double cysteine BetP variants within E. coli DH5αTM-
T1R membranes. 
Isolated membranes of E. coli DH5αTM-T1R containing BetP variants were reduced by 2 
mM TCEP and incubated with either 100 µM or 1 mM CuPh. 40 µg of each sample mixed 
with non-reducing sample buffer was loaded onto an SDS gel (10 %) and used for 
Western Blot analysis (left). Exemplarily, a purified protein sample was treated equally 
and 5 µg was used for non-reducing SDS-PAGE (right). Oligomeric states of BetP are 
labeled with arrows as monomer, dimer and trimer. As marker PageRulerTM Prestained 
Protein Ladder (Thermo Scientific Molecular Biology) was used. 
 

After oxidation, trimeric oligomerization states detected in non-reducing SDS-

PAGE would imply interactions of the cysteines within the N-terminal and C-

terminal domain by disulfide bond formation between adjacent protomers. 

Monomeric, dimeric and trimeric BetP has the calculated molecular weight of 

64.2, 128.4 and 192.6 kDa, respectively. 

Upon reduction with TCEP, monomers with the size of ~55 kDa appeared for all 

double cysteine variants of BetP (Figure 4.7). Trimers at approximately 170 kDa, 

but no monomers could be observed after the oxidation with either 100 µM or 1 

mM CuPh indicating that the lower concentration of the oxidant is sufficient for 

disulfide bridge formation. At reducing conditions, BetP R576C forms mainly 

monomers and a weak dimer band at 130 kDa is detectable. The negative control 

BetP WT shows monomers in each condition. The addition of TCEP to BetP WT 

leads to monomeric BetP, while the addition of CuPh indicates a weak dimer 

band. 

 

Further the influence of the site-directed cross-linking by disulfides was 

investigated at a protein and functional level. Therefore, the cysteine variants of 

BetP were solubilized from the E. coli DH5αTM-T1R membranes and further 
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purified by StrepTactin®-affinity chromatography (Section 2.3.4.3). All purified 

protein samples were either incubated with only CuPh or in addition with TCEP 

followed by non-reducing SDS-PAGE (Figure 4.8). 

 

          
Figure 4.8: Disulfide cross-linking of double cysteine BetP protein in detergent. 
Non-reducing SDS-PAGE of purified BetP variant protein in 0.1 % DDM incubated with 
either only 100 µM CuPh or with 2 mM TCEP. 5 µg of each protein sample mixed with 
non-reducing sample buffer was applied on the SDS gel (10 %). (M) PageRulerTM 
Prestained Protein Ladder (Thermo Scientific Molecular Biology). 
 

All double cysteine variants of BetP show oligomerization into dimers and mainly 

trimers with a size of higher than 170 kDa under oxidizing conditions (Figure 4.8). 

Under this condition, there are almost no monomers detectable, especially for 

BetP E24C/R576C indicating that the disulfide bond formation occurs between 

protomers within trimers. Upon TCEP addition, three clear bands corresponding 

from top to bottom to trimer, dimer and mainly monomer. 

 

 

4.1.6 Transport properties of disulfide cross-linked cysteine double variants of 

BetP in E. coli polar lipid proteoliposomes 

For functional studies of disulfide cross-linked BetP, samples containing protein 

at higher oligomers after oxidation with CuPh were used for reconstitution into E. 

coli polar lipids under non-reducing conditions. Prior to uptake measurements of 

[14C]-betaine at reducing conditions, the proteoliposomes were extruded in buffer 

containing the reducing agent TCEP. For oxidizing conditions, TCEP was excluded 
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from buffers. Transport of betaine was measured under different osmotic 

conditions adjusted with proline. 

 
A                                                                B 

 
C                                                                 D 

 
Figure 4.9: Betaine uptake of BetP variants with double cysteine substitutions in E. coli 
polar lipid proteoliposomes. 
Uptake of betaine in nmol per min and mg protein was measured as a function of 
external osmolality for double cysteine BetP variants incooperated in E. coli polar lipid 
liposomes with a LPR of 30:1 at reducing conditions (A, B) and oxidative conditions (C, D). 
Betaine uptake compared to the BetP WT (left). Zoomed in betaine uptake of the double 
cysteine BetP variants shown in A and C, independent of the BetP WT for a better 
comparision between the mutants (right). The measurements represent the mean of at 
least eight replicates/data point. The errorbars present ± S.E.M.. 
 

The measurement under reducing conditions in Figure 4.9 (A – B) resulted in 

strongly altered activation profiles for all cysteine variants compared to BetP WT 

and to the aforementioned measurement in cells (Figure 4.6). A pronounced 

decrease in activity was observed for all mutants, which might be related to a less 

efficient reconstitution of the cross-linked BetP. Whereas BetP WT reaches the 

maximal activity at 0.6 osmol/kg, for all mutants except BetP E25C/R576C, the 

maximum is reached already at the low osmolality of 0.2 osmol/kg. BetP 
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E25C/R576C shows maximal betaine uptake at 0.4 osmol/kg. All cysteine 

variants are characterized by a subsequent decrease of the betaine transport in a 

continuous manner with increasing osmolality. Under oxidizing conditions, there is 

no difference in the pattern of the osmotic profiles (Figure 4.9 C – D). However, an 

increase in the maximum betaine uptake activity was observed, which was most 

pronounced for BetP E24C/R583C and BetP E25C/R583C. 

 

 

4.1.7 Chemical cross-linking of cysteine double variants of BetP 

Chemical cross-linking was performed at different osmotic conditions to 

investigate the oligomerization behavior during non-activating (0.2 osmol/kg) and 

activating conditions (0.6 osmol/kg) of the BetP WT and cysteine variants. Here, 

o-PDM with a tether length of 4 – 9 Å was used. BetP cysteine variants as well as 

BetP WT were produced in E. coli MKH13 cells and membranes were isolated. 

Membranes were mixed with the corresponding osmotic buffers and subsequently 

incubated with o-PDM. SDS-PAGE followed by Western blot analysis was carried 

out (Figure 4.10). 

 

                   
Figure 4.10: Chemical cross-linking of double cysteine BetP variants within E. coli 
MKH13 membranes. 
Isolated membranes of E. coli MKH13 comprising BetP WT and variants were mixed with 
osmotic buffers at 0.2 and 0.6 osmol/kg and incubated with 5 mM o-PDM. 15 µg of each 
sample were applied on an SDS gel (10 %) and used for Western Blot analysis. As marker 
PageRulerTM Prestained Protein Ladder (Thermo Scientific Molecular Biology) was used. 
 

The tether length of 4 – 9 Å of o-PDM allows the cross-linking of cysteines, which 

are located in this distance. As a negative control o-PDM was also added to the 

BetP WT. At 0.2 osmol/kg, BetP WT is present dominantly as monomer, but also 
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in some extent as dimer (Figure 4.10). Upon osmotic upshift of 0.6 osmol/kg for 

the WT, unspecific oligomers but also trimers, dimers as well as monomers could 

be identified for the WT during reducing SDS-PAGE. Oligomerization of BetP is 

strongly enhanced upon osmotic upshift suggesting that in addition to the 

terminal interaction network other intratrimeric contacts are strengthened. 

Whereas under low osmotic conditions the cysteine variants display, beside 

mainly monomers, also bands for dimers and trimers, high osmotic conditions 

lead to a diminished amount of monomers. This is observed especially for BetP 

E24C/R576C. At 0.6 osmol/kg, the BetP cysteine variants show the tendency to 

form oligomeric states, which monomerize less during SDS-PAGE. Chemical cross-

linking of double cysteine BetP let suggest, that at high osmotic conditions, N- and 

C-terminal domains of adjacent protomers within a trimer are in close proximity 

contributing to specific and unspecific oligomerization of BetP.   
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4.2 Discussion 

4.2.1 Regulatory interaction of terminal domains 

Negative charges in the N-terminal domain were not considered to play a key role 

in osmoregulation, because N-terminally truncated BetP is still regulated, 

although with a shifted activity optimum at higher osmolalities (Ott et al., 2008; 

Peter et al., 1998a). As this effect is reminiscent to the shift that occur when wild 

type BetP is transferred from a low amount of negative charged lipids (as in E. 

coli) to a higher amount (as in C. glutamicum) (Peter et al., 1996), it was assumed 

that lipids and N-terminal domain compete for the same ionic interactions 

established with the positively charged C-terminal domain. Interestingly, it was 

never possible to activate the N-terminally truncated mutant in E. coli when the 

amount of negatively charged lipids is below 30 % suggesting that there might be 

teamwork between lipids and N-terminal domain.  

Two different interaction modes of the N-terminal domain can be assumed (Figure 

4.11): (1) interaction with the C-terminal domain of its own protomer 

corresponding to down-regulation and (2) interaction with the C-terminal domain 

of the adjacent protomer within the trimer leading to up-regulation. According to 

this, the N-terminal domain would be as suggested earlier a part of the switch 

model (Ott et al., 2008), however, with the modification of the switch occurring 

between adjacent protomers. 

Under isotonic conditions, the C-terminal domain is assumed to be oriented 

towards the membrane surface as the helical fold itself, perhaps even the 

rigidness of the helix is a parameter in regulation, e.g. the Ala564Pro mutant was 

constitutively full activated (Becker et al., 2014).  In this position, the C-terminal 

domain might interact with its own N-terminal domain and cytoplasmic loops 

(Figure 4.11, “red conformation” of the C-terminal domain). This conformation is 

supported by a yet unpublished crystal structure of BetP, in which a partially 

resolved C-terminal domain is turning around its own chain (Koshy, 2014). This 

turn provides an angle in which a potential binding of the positively charged C-

terminal domain to the anionic lipid bilayer as well as to its own N-terminal 

domain is reasonable.  

In this down-regulated conformation, the N-terminal domain of BetP might provide 

a stable interaction by cluster NC3. Lipids can mimic this interaction, however, 
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this lipid-C-terminal interaction results in an altered response to stress. This is 

supported by the shifted osmo-profile in NC3A (Figure 4.4 A). High amounts of 

negatively charged lipids and in competition the negative cluster in the N-terminal 

domain modulate the amount of stress required to detach the C-terminal domain 

at up-regulating conditions. 

Osmotic stress results in changes in membrane state, e.g., changes in curvature 

or thickness and in an increase in the K+ concentration. Both might lead to an 

alteration in the N-terminal domain/lipid interaction with the C-terminal domain. A 

re-orientation and conformational change is required to overcome these 

interactions. Thus, it appears that up-regulation requires the release of the C-

terminal domain from interaction with cytoplasmic loops in one protomer. In this 

context, it was demonstrated that an increase in the K+ concentration decreases 

the binding affinity of the C-terminal domain to lipids (Ott et al., 2008) suggesting 

a release of the C-terminal domain under up-regulated conditions. When the C-

terminal domain is re-oriented upon osmostress, ionic interactions with central 

lipids might assist its transient conformation (Figure 4.11, “gray conformation” of 

C-terminal domain). 

The proposed re-orientation is in agreement with the conformational change of 

the C-terminal domain upon BetP activation, which was verified by PELDOR-

derived data, although the movement of the terminal domain could not be 

described in detail (Nicklisch et al., 2012).  

The solved crystal structure of BetP demonstrated an intratrimeric interaction of 

the helical C-terminal domain with cytoplasmic loops of the adjacent protomer 

(Ressl et al., 2009). Thereby, the C-terminal domain of one protomer is pointing 

towards TM1 of the adjacent protomer. Unfortunately, this structure could not 

provide further information about potential interactions with the N-terminal 

domain, because the N-terminally truncated, surface-engineered BetP variant 

(BetPΔ29NC3A) was crystallized. Although the elongated conformation of the C-

terminal domain was achieved by crystal contacts with negatively charged 

residues of the symmetry related trimer (Figure 4.12), this artificial conformation 

was previously discussed as a possible functional state. Moreover, co-

crystallization of BetP with Rb+ ions identified potential K+-binding sites between 

the C-terminal domain of one protomer and the cytoplasmic loop 2 of the 

adjacent protomer (Perez, 2012). That is why it can be suggested that at up-



ROLE OF THE N-TERMINAL DOMAIN 

 138 

regulated conditions the C-terminal domain might adopt this conformation via 

interactions with the N-terminal domain of an adjacent protomers using the 

negatively charged cluster NC2 (Figure 4.11, “green conformation” of the C-

terminal domain). An interaction with negatively charged lipids at the centre of the 

BetP trimer might support this conformation. Thus, the N-terminal domain and 

lipids would team up for full activation. 

 

 
Figure 4.11: Model for a regulatory interaction of terminal domains and lipids. 
BetP protomers are shown as plane rectangles embedded into bulk lipids. For clarity, the 
C-terminal domain is indicated as cylinder and shown only for one protomer (left) in 
different conformations. Under isotonic conditions, the α-helical C-terminal domain of the 
protomer interacts with the N-terminal domain and cytoplasmic loops of its own 
protomer, which is caused by the direct interaction with bulk lipids (1: down-regulated 
state, red). Osmotic stress results in elevated internal K+ concentrations and changes in 
the membrane state triggering a re-orientation of the C-terminal domain (2: transient 
state, dark gray). Ionic interactions with central lipids might assist this conformation. For 
fully activated BetP the C-terminal domain of the protomer is protruding towards the 
adjacent protomer, most likely also due to interactions with central negatively charged 
lipids. The N-terminal domain of the adjacent protomer provides a stabilizing effect (3: 
up-regulated state, green). The α-helical segments of the N-terminal domain at NC2 
(E24/E25) and NC3 (E44/E45/E46) are depicted as cylinders in magenta. Cluster NC1 
(E13/D14) is indicated as magenta circles. The substrates betaine (GB) and coupling Na+ 
ions as well as K+ are shown as circles in blue, orange and light blue, respectively.  
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4.2.2 Regulatory role of the negatively charged clusters  

The cluster NC2 appears to be a hot spot in regulation of BetP. Charges in NC1 

and NC3 are still present in BetP NC2A and contribute to the slightly elevated 

transport rate (Figure 4.4 B), however, they are both not essential for regulation. 

For NC1 and NC3 the individual substitution against alanine did not prevent 

regulation, but altered the regulation profile (Figure 4.4).  

Secondary structure predictions let suggest that the substitution of the clusters 

against alanines alters the helical conformation in both helical segments of the N-

terminal domain slightly (Figure 4.3). This is also corresponding to the slight 

change in the migration behavior, which was observed for BetP NC12A and BetP 

NC123A during SDS-PAGE (Figure 4.4 A).  

Beside NC1-3, additional negatively charged residues can be found in proximity of 

the clusters. This redundancy is also a feature of the C-terminal domain 

containing a ladder of arginines, which might allow maintaining ionic interactions 

in different conformations and orientations of the C-terminal domain. For 

instance, a variation in length of the first helical segment could affect the 

orientation of Glu18 and Gln19, which can be found as a part of the helix in BetP 

NC2A but not in the WT, NC1A and NC3A (Figure 4.3).  

According to the proposed model, the crucial role of NC2 in osmoregulation and 

the orientation of the C-terminal domain in the crystal structure (Ressl et al., 

2009) suggested that the respective negatively charged residues participate in 

intratrimeric interactions with positively charged residues like Arg576 or Arg583 

within the C-terminal domain of the adjacent protomer. Surprisingly, these 

residues are quite comparable to the crystal contacts formed by Arg574-Asp356 

and Arg584-Glu175 by the C-terminal domain and the loops at the periplasmic 

side of the symmetry related trimer (Figure 4.12) (Ressl et al., 2009).  
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Figure 4.12: Crystal contacts in BetP. 
Crystal contacts from symmetry molecules are shown. Residues on the periplasmic side 
(gray) interact with positively charged residues of the C-terminal helix (green) of a 
symmetry molecule to form crystal contacts (Inset). For better orientation, h7 is colored 
blue. 
 

The formation of higher oligomers in cross-linking studies confirmed the capability 

of the N-terminal domain to physically interact with the adjacent C-terminal 

domain and that this interaction depends indeed on the amount of osmotic stress 

(Figure 4.7 and Figure 4.10). Moreover, functional studies of cross-linked BetP in 

proteoliposomes suggest a positive effect during transport mediated by the 

interaction of the terminal domains.  

Based on the results, Arg576 is a candidate for this interaction as a cross-link 

between Arg576 and Glu25 rescue the activity to 2/3 of wild type full activity. As 

expected, this mutant do not show down-regulation properties exhibiting a 

severely altered osmo-profile (Figure 4.6).  

The role of the trimer is to provide interaction partners for the active conformation 

of the C-terminal domain. In this scenario, the intratrimeric interactions of 

adjacent protomers may not necessarily contribute to full activation of the trimer, 

i.e., interaction of the C-terminal domain of protomer 1 (Figure 4.11) with 

protomer 2 might very well affect only the transport regulation of protomer 1 
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under certain conditions. Recent studies on a heterotrimeric construct showed 

the absence of an intratrimeric crosstalk in E. coli proteoliposomes (Becker et al., 

2014). However, as these experimental conditions only allow detecting the K+ 

activation and not the physiologically more relevant membrane stimulus, the 

question of regulatory terminal crosstalk in the BetP trimer still has to be 

answered. 

 

 

4.2.3 Comparison to other osmoregulated transport systems 

The comparison to two other paradigmatic osmosensing uptake systems, the MFS 

transporter ProP and the ABC-transporter OpuA, propose some similarities with 

respect to the regulation mechanism by terminal domains and lipids. The C-

terminal domain of ProP from E. coli terminates with heptad repeats, composed 

of a specific sequence of positively and negatively charged as well as hydrophobic 

residues, which allow the formation of a homodimeric, antiparallel coiled coil 

structures with adjacent ProP C-termini (Tsatskis et al., 2005; Zoetewey et al., 

2003). It is assumed that this structure modulates the threshold for osmotic 

activation, but is not essential for osmotic activation per se (Tsatskis et al., 2005; 

Tsatskis et al., 2008) because deletion mutants and orthologoues lacking this 

structural feature are activated at higher osmolalities (Tsatskis et al., 2005; 

Tsatskis et al., 2008). Interestingly, such a ProP orthologue is found in C. 

glutamicum comprising only an anionic C-terminal domain (Peter et al., 1998b; 

Tsatskis et al., 2005). Increasing amounts of anionic lipids (CL) shift the activation 

towards higher osmolalities in E.c.ProP, too, suggesting a direct interaction with 

the bulk lipids (Tsatskis et al., 2005; Tsatskis et al., 2008).  

In OpuA from Lactoccocus lactis, the C-terminal domain consists of tandem CBS 

(cystathione-β-synthase) domains followed by an entirely anionic charged C-

terminal stretch (Biemans-Oldehinkel et al., 2006). The CBS domains seem to 

sense the ionic strength in a lipid-dependent manner. Thus, the CBS pair is 

assumed to interact directly with bulk lipids (Biemans-Oldehinkel et al., 2006). 

Deletions of the anionic C-terminal domain require an increased osmotic upshift 

to activate OpuA indicating the remaining C-terminal tail is a modulator of the 

sensing CBS module (Biemans-Oldehinkel et al., 2006; Mahmood et al., 2006).  



ROLE OF THE N-TERMINAL DOMAIN 

 142 

The modulating role of terminal domains in the transport regulation of ProP and 

OpuA seem to be reminiscent to the functional role of the anionic N-terminal 

domain of BetP. This indicates that common sensing mechanisms involving 

protein-protein as well as protein-lipid interactions developed independently, 

since these transporters and terminal domains are not structurally related. A 

regulation mechanism involving terminal domains can also be found in 

mammalian transporters like the extensively studied Na+/H+ exchanger NHE1, 

which regulates intracellular pH homeostasis and cell volume (Slepkov et al., 

2007). NHE1 possesses a very long C-terminal domain, which consists to 1/3 of 

charged residues. Indeed, also for NHE1 the C-terminal domain is involved in 

regulation, here also an interaction with adjacent C-terminal domains is assumed 

(Hisamitsu et al., 2004), but activity regulation occurs mainly by a sophisticated 

interplay of several accessory proteins as well as kinases (Malo and Fliegel, 2006; 

Slepkov et al., 2007).  

In summary, the functional role of charged clusters in the N-terminal domain 

emerging from our data and their competitive and associative interaction with 

negatively charged lipids is not only an important additional puzzle piece to 

understand the regulation mechanism of BetP, but might be conserved in other 

not-trimeric transporters. In this context, a careful extrapolation could provide new 

insights into stress-regulation of membrane transport processes. 
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5 Probing conformational dynamics of the trimeric 

transporter BetP by PELDOR  

 

BetP appeared in 2D and 3D crystal structures as a conformational asymmetric 

trimer with each protomer in a distinct conformation (Perez et al., 2012; Tsai et 

al., 2011). In consequence, a crosstalk between the protomers constituting a 

trimer is suggested. In order to obtain more insights into the oligomeric function 

of BetP and to evaluate the conformational changes based on crystallographic 

snapshots in a more native environment, pulsed electron-electron double 

resonance (PELDOR) in combination with site-directed spin labeling (SDSL) was 

applied. PELDOR allows the determination of distances between spin labels in a 

nanometer range to study conformational changes. In this thesis, PELDOR 

measurements were performed on the three-spin system as well as on the six-

spin system of BetP to monitor conformational changes. These conformational 

rearrangements would be indicated by changes of the average distance or shape 

of the distance distribution between the spin labels attached to the protein in 

different conditions. 

 

 

5.1 Results 

5.1.1 Spin label strategy of BetP from Corynebacterium glutamicum 

The pulsed EPR method PELDOR in combination with SDSL was already 

successfully applied to determine inter- and intramolecular distances between 

spin labels in membrane proteins when solubilized in detergent or reconstituted 

into liposomes (Hubbell and Altenbach, 1994). For SDSL, native amino acids at 

specific sites in BetP were replaced by cysteine residues, which allow attaching 

nitroxide spin labels via disulfide bridge formation.  

The challenge for the trimeric BetP protein was to find appropriate positions for 

spin labeling to monitor the conformational changes in the range of PELDOR 

distances. In addition, these sites would have to be accessible to ensure high 

labeling efficiencies. In order to investigate the conformationally asymmetric 

nature of trimeric BetP, initially a three-spin-system was applied. Here, one 
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accessible residue per protomer, which was supposed to move during 

conformational change, should be labeled. In symmetric trimers composed of 

three protomers in identical conformation, only one distance would be detectable, 

while in the case of different conformational states of the protomers several 

distances would be detectable (Figure 5.1).  

X-ray structures of BetP in the inward open and outward open conformation 

revealed rather small main chain motions in the range of only 1 to 6 Å, which is 

far less compared to other LeuT-fold transporters (Krishnamurthy and Gouaux, 

2012; Perez et al., 2012; Shimamura et al., 2010). In addition, in a three-spin 

system for BetP, the intratrimeric distances between moving positions were quite 

long (~6 nm). Both circumstances together made it difficult to observe distinct 

differences between conformational states by PELDOR. In consequence, an 

alternative approach with a six-spin system for trimeric BetP was developed. 

Correspondingly, this labeling strategy involves two labeled residues within one 

protomer. Here, the conformational changes are reflected by changes in shorter 

intraprotomeric distances. Interprotomeric distances are longer than the 

intraprotomeric ones and therefore distinguishable. However, to address the 

asymmetry of BetP with this labeling strategy, the shorter intraprotomeric 

distances should be correlated nevertheless to the longer interprotomeric 

distances. Despite this limitation of the method, PELDOR was successfully applied 

for BetP as six-spin system to probe the conformational changes occurring within 

the protomers at different conditions.  

 

            A                                                           B 
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            C                                                            D 

 
Figure 5.1: Labeling strategies for trimeric BetP. 
Models of BetP trimers were created from solved X-ray structures. Symmetric trimers (A, 
C) consist of three protomers in the inward open conformation (PDB 4DOJ, chain C, gray). 
Conformational asymmetric trimers (B, D) are composed of protomers in the inward and 
outward open as well as in the substrate-bound closed conformation (PDB 4DOJ, chain C 
(gray) and B (blue); PDB 4AIN, chain B (cyan)). Potential labeling sites are represented as 
stars and distance relations are depicted as Cα – Cα distances between the residues. For 
the three-spin system, the intratrimeric distances are shown for a symmetric (A) and an 
asymmetric trimer (B). For the six-spin system, the intraprotomeric distances for 
protomers in the identical conformation (C) and different conformations (D) are 
displayed. In this system, some conceivable intratrimeric distances are indicated as 
dashed lines. Comparable distances within one trimer are colored uniformly black, while 
unequal distances are colored blue, red and green. 
 

Single cysteine substitutions for the three-spin system were introduced by site-

directed mutagenesis into the cysteine-less betP gene in the vector pASK-

IBA5betPC252T (Ott et al., 2008; Rübenhagen et al., 2001) resulting in the BetP 

variants: 

 

1) BetP S140C/C252T 

2) BetP C252T/S516C 

 

Pairs of appropriate labeling sites for BetP were selected at the cytoplasmic as 

well at the periplasmic side for the six-spin system (Figure 5.2). The following 

double cysteine BetP variants were created for the six-spin system: 

 

1) BetP S140C/C252T/N488C 

2) BetP S140C/C252T/K489C 

3) BetP S140C/C252T/W490C 
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4) BetP C252T/G450C/A514C 

5) BetP C252T/G450C/L515C 

6) BetP C252T/G450C/S516C 

 

Additionally, replacements at the conserved sodium-binding site Na2, namely 

T467A/S468A, that inhibit binding and transport of betaine were introduced into 

selected BetP cysteine variants (Khafizov et al., 2012): 

 

1) BetP S140C/C252T/T467A/S468A/K489C 

2) BetP C252T/G450C/T467A/S468A/A514C 

3) BetP C252T/G450C/T467A/S468A/S516C 

 

 
Figure 5.2: Location of labeling sites within the BetP protomer. 
Residues selected for cysteine substitution are represented as sticks in the BetP 
protomer. Residues at the cytoplasmic or periplasmic side of BetP are colored cyan or 
blue, respectively and labeled with the corresponding amino acid and TM domain. For the 
three-spin system, positions S140 in TM3 at the cytoplasmic side and S516 in TM12 at 
the periplasmic side, framed in red, are displayed. In respect to the six-spin system, two 
residues within the protomer at the same side of the protein were selected at once. The 
arrows indicate associated residue pairs. At the periplasmic side, the combination of 
G450 in TM10 with either A514, L515 or S516 in TM12 were studied. The cytoplasmic 
residue S140 was substituted in conjunction with residues in TM11, namely N488, K489 
or F490 for the six-spin system. 
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5.1.2 Transport properties of BetP cysteine variants in E. coli MKH13 cells 

In order to exclude negative effects on the osmoregulatory transport properties of 

the BetP variants due to the diverse cysteine substitutions, the betP mutants 

were expressed and produced in E. coli MKH13 cells. [14C]-betaine uptake rates 

were measured upon increasing hyperosmotic conditions and results are 

compared to BetP WT (Figure 5.3 Figure 5.6). In addition, the activation profiles 

for the mutants containing cysteine replacements at the cytoplasmic side of BetP 

were normalized for a better comparison (Figure 5.4) and in the case of BetP 

S140C/C252T/K489C, the impact of the residue K489 were analyzed with 

alternative amino acid substitutions (Figure 5.5). 

 

 
Figure 5.3: Betaine uptake rates of cytoplasmic BetP cysteine variants in E. coli MKH13 
cells. 
Uptake rates of betaine in nmol per min and mg dry cell weight were measured as a 
function of external osmolality in E. coli MKH13 cells expressing cysteine BetP mutants. 
Each value is the mean ± S.E.M. of at least three independent measurements. Immuno-
blotting against the N-terminal StrepII-tag of the BetP variants in E. coli MKH13 
membranes confirmed the same level of protein production.  
 

 
Figure 5.4: Normalized betaine uptake rates of cytoplasmic cysteine variants in E. coli 
MKH13 cells. 
Normalized uptake rates of betaine in % as a function of external osmolality are displayed 
for active BetP cysteine variants from Figure 5.3.  
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Figure 5.5: Betaine uptake rates of BetP K489 variants in E. coli MHK13 cells. 
Uptake rates of betaine in nmol per min and mg dry cell weight were measured in 
dependence to the external osmolality in E. coli MKH13 cells producing either BetP 
K489C, K489A or K489R. The measurements represent the mean of at least three 
replicates per data point. The errorbars represent ± S.E.M.. Immunoblotting against the 
N-terminal StrepII-tag of the BetP variants in E. coli MKH13 membranes demonstrates 
the same level of synthesis. 
 

 
Figure 5.6: Betaine uptake rates of periplasmic BetP cysteine variants in E. coli MKH13 
cells. 
Uptake rates of betaine in nmol per min and mg dry cell weight were measured as a 
function of external osmolality in E. coli MKH13 cells expressing single and double 
cysteine BetP mutants. Each value is the mean ± S.E.M. of at least three independent 
measurements. Immunoblotting against the N-terminal StrepII-tag of the BetP variants in 
E. coli MKH13 membranes detect a comparable level of protein synthesis.  
 

Except for BetP S140C/C252T/T467A/S468A/K489C, the cytoplasmic single and 

double cysteine variants exhibit comparable osmotic activation profiles, which 

only differ in the maximal uptake rates (Figure 5.3). The most reduced activity was 

detected for BetP S140C/C252T/K489C, although normalized data indicated that 

regulation of the transport for this BetP mutant is still maintained (Figure 5.4). 

Because the replacement of K489 in BetP S140C/C252T/K489C seemed to 

have an impact on the transport activity level, while BetP S140C/C252T alone 

exhibit only a slight reduced uptake rate compared to the BetP WT, K489 was 
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investigated by alternative substitutions in single mutants. Substitutions against a 

cysteine, an unpolar residue (Ala) as well as against arginine, resulted in higher 

uptake compared to the BetP WT (Figure 5.5). Like expected, for BetP 

S140C/C252T/T467A/S468A/K489C as well as the periplasmic BetP variants 

C252T/G450C/T467A/S468A/A514C and C252T/G450C/T467A/S468A/S516C 

no active transport was detected due to the disruption of the sodium-binding site 

Na2, which is essential for betaine symport in BetP (Khafizov et al., 2012). Apart 

from BetP C252T/S516C, all periplasmic double cysteine variants display a 

regulation profile with slight alternations in the uptake rate (Figure 5.6). 

 

 

5.1.3 Purification and site-directed spin labeling 

BetP cysteine variants were produced in DH5αTM-T1R cells from which membranes 

were prepared for further purification by solubilization with DDM and 

StrepTactin®-affinity chromatography.  

The nitroxide spin label methyl methanethiosulfonate (MMTSL) or methane-

thiosulfonate (MTSL) was used for spin labeling. A direct comparison between 

both nitroxide spin labels can be found in Section 7.8.1. In PELDOR 

measurements, no significant difference between MMTSL and MTSL was 

observed.  

Initially, for site-directed spin labeling of the BetP cysteine variants with the 

nitroxide spin label MMTSL, diverse methods were tested in order to optimize the 

label efficiency. Spin labeling was performed in buffers containing either 0.6 % 

Cymal-5 or 0.1 % DDM, during purification on a Strep-Tactin® Macro-Prep column 

via the standard gravity flow protocol (Section 2.3.4.3) as well as via fast protein 

liquid chromatography as described before (Nicklisch et al., 2012). Moreover, 

spin labeling was conducted after standard StrepTactin®-affinity chromatography 

in batch with a 10-fold molar excess of the spin label at different pH conditions as 

well as for different incubation times at RT and 4°C. As a result, highest label 

efficiencies were achieved for an incubation at 4°C over night with protein at 1.5 

mg/ml in labeling buffer at pH 7 containing 0.1 % DDM by an increase of the 

molar excess of the label from 10- to 30-fold. Free spin label was successfully 

removed by SEC and protein was transferred into either non-activating or 
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activating conditions and concentrated to approximately 15 mg/ml. The identical 

procedure was applied for the spin label MTSL. 

Samples collected during purification and spin labeling were examined by SDS-

PAGE and Western blot analysis. A representative overview of the purification and 

spin labeling for BetP S140C/C252T is displayed in Figure 5.7 A – C. All BetP 

variants investigated by PELDOR were compared in SDS-PAGE (Figure 5.7 D) and 

the corresponding label efficiencies are listed (Table 5.1). Spin label 

concentration of each sample was determined by cw-EPR at RT. By taking into 

account the number of the spin labels, which should be bound to the BetP trimer, 

the determined protein concentration of the sample can be used to estimate the 

concentration of the spin label for 100 % label efficiency. This can be further 

correlated to the indeed measured label concentration of the sample. Cw-EPR 

measurements were performed by Dr. Burkhard Endeward and Dr. Haleh 

Hashemi Haeri (group of Prof. Dr. Thomas Prisner, Goethe University, Frankfurt 

am Main). 

 

     A                                                              B 

 

 
Figure 5.7: Purification and site-directed spin labeling of BetP cysteine variants. 
Representative SDS-PAGE (A) and Western Blot (B) of BetP S140C/C252T purification 
and spin labeling. DDM solubilized E. coli DH5αTM-T1R membranes containing BetP 
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S140C/C252T were applied on a Strep-Tactin® Macro-Prep column, subsequently 
washed and protein was eluted. 10 µl of the membranes (Me) (10 mg/ml), the flow 
through of the affinity column (FT), wash 1 (W1) as well as 1 µl of the eluat from the 
affinity column before and after concentration (E/Econc.) were loaded onto the SDS gel 
(12.5 %). After spin labeling, 1 µl of unconcentrated pooled SEC fractions (GF) as well as 
the PELDOR samples in activating (+) and non-activating (-) conditions were analyzed. C) 
To remove free spin label after labeling, preparative SEC was performed. Pooled elution 
fractions of BetP S140C/C252T after the affinity column (E) were concentrated to 500 µl 
(Econc.), subsequently injected on a Superose 6 10/300 column with a constant flow rate 
of 0.3 ml/min and the absorption was monitored at 280 nm. D) SDS-PAGE (12.5 %) of all 
PELDOR samples after spin labeling and preparative SEC. In each case, 1 µl of pooled 
SEC fractions was analyzed. (M) PageRulerTM Prestained Protein Ladder (Thermo 
Scientific Molecular Biology) was used. 
 
Table 5.1: Representative label efficiencies of BetP variants 

BetP variant Label efficiency 
S140C/C252T 66 ± 13.2 % 
S140C/C252T/N488C 73 ± 14.6 % 
S140C/C252T/K489C       75 ± 15 % 
S140C/C252T/T467A/S468C/K489C 73 ± 14.6 % 
S140C/C252T/W490C  66 ± 13.2 % 
C252T/G450C/A514C     115 ± 23 % 
C252T/G450C/T467A/S468C/A514C  78 ± 15.6 % 
C252T/G450C/L515C     123 ± 24.6 % 
C252T/G450C/S516C     112 ± 22.4 % 
C252T/G450C/T467A/S468C/S516C     140 ± 28 % 

 

Purification of the BetP cysteine variants was performed by the earlier established 

protocol and single steps of the purification process can be followed for BetP 

S140C/C252T (Figure 5.7 A – C). All BetP variants run at approximately 55 kDa 

(Figure 5.7 D). As minimum concentration of the spin label, which is bound to the 

protein, 100 µM was required for PELDOR. Consequently, for the three-spin 

system a higher concentration of protein was needed than for the six-spin system. 

Apart from these mutants mentioned earlier, spin labeling was performed also for 

other cysteine variants of BetP F165C and E397C resulting in no or too low spin 

labeling efficiencies, not sufficient for PELDOR (data not shown). Table 5.1 lists 

the label efficiencies for the cysteine variants of BetP, which were successfully 

labeled and investigated by PELDOR. In addition, to exclude an unequal 

distribution of the spin labels in systems with two different labeled positions, the 

label efficiency was partly determined for each single mutant (data not shown).  



CONFORMATIONAL DYNAMICS 

 152 

Although a protocol for spin labeling of BetP was described before (Nicklisch et 

al., 2012), thorough optimization of the method was necessary due to the close-

to-membrane locations of the cysteine residues. According to this, Table 5.1 

illustrates that labeling even at different sides of BetP result in different label 

efficiencies. Obviously, the cysteine residues at the periplasmic side of BetP are 

more accessible than at the cytoplasmic side. However, spin labeling efficiencies 

of 66 – 140 % were reached. Label efficiencies higher than 100 % reflect 

inaccuracies in determination of the protein concentration by the Bradford assay 

(Section 2.3.6.1). Cw-EPR revealed less than 5 % free spin labels in the samples 

after SEC, a concentration, which is acceptable for PELDOR (personal 

communication Dr. Burkhard Endeward).  

 

 

5.1.4 Transport properties of spin labeled BetP variants in E. coli polar lipid 

proteoliposomes 

To ensure that the BetP mutants investigated by PELDOR are still active after 

attaching spin labels at the respective sites, BetP variants were reconstituted into 

E. coli polar lipid liposomes. Protein for reconstitution was purified as described 

earlier by StrepTactin®-affinity chromatography, further spin labeled and not 

bound spin label was removed by SEC. Subsequently, BetP was reconstituted with 

the established protocol for BetP reconstitution for transport measurements with 

a LPR of 30:1 at non-reducing conditions. Functional activity of spin labeled BetP 

variants was measured by radiochemical [14C]-betaine transport measurements. 

The BetP variants BetP S140C/C252T/T467A/S468A/K489C, C252T/G450C/ 

T467A/S468A/A514C as well as C252T/G450C/T467A/S468A/S516C represent 

exceptions, which show in general no activity and were therefore not investigated 

for transport. However, uptake was measured for labeled mutants, representative 

for one three-spin as well as one six-spin-system, each at the cytoplasmic and 

periplasmic side. 

 



CONFORMATIONAL DYNAMICS 

 153 

 
Figure 5.8: Betaine uptake of spin labeled BetP variants in E. coli polar lipid 
proteoliposomes. 
Uptake of betaine in nmol per mg protein was measured at 0.6 osmol/kg as a function of 
time for MTSL-labeled BetP cysteine variants reconstituted into E. coli polar lipid 
liposomes. Uptake was started by adding saturating concentrations of 50 µM [14C]-
betaine. Each value is the mean ± S.E.M. of at least six independent measurements. 
 

Betaine uptake measurements indicate that all investigated MTSL-labeled BetP 

cysteine variants are still active, although at lower activity levels compared to 

BetP WT (Figure 5.8). Whereas BetP C252T/G450C/S516C shows only a minimal 

reduced betaine transport activity, the BetP variants S140C/C252T, S140C/ 

C252T/K489C and C252T/S516C display a more pronounced decrease. 

 

 

5.1.5 PELDOR measurements in detergent  

In order to measure distance changes between the spin labels with PELDOR, each 

BetP variant was transferred into non-activating and activating conditions, 

respectively. Non-activating condition contained only NaCl to compensate for ionic 

strength effects, while activating condition for BetP included (1) K+ as main 

activation trigger and (2) both substrates, Na+ and betaine. Na+ is not active 

transported by BetP in absence of betaine. 

PELDOR data were collected and analyzed by Dr. Burkhard Endeward and Dr. 

Haleh Hashemi Haeri (group of Prof. Dr. Thomas Prisner, Goethe University, 

Frankfurt). PELDOR spectra were recorded at 50 K on a Bruker EleXsys E580 

spectrometer. Measurements were conducted at X-band (9.6 GHz) or Q-band 

(33.4 GHz) microwave frequencies using the PELDOR 4-pulse sequence (Pannier 

et al., 2000). To demonstrate the comparability of data, obtained by either X- or Q-

band, a direct comparison is represented in the Appendix, Section 7.8.2.  
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PELDOR analysis was performed like described in section 2.4.3.3 by dividing the 

experimental PELDOR time trace by the fitted intermolecular contribution of the 

background resulting in a normalized PELDOR time trace. As an exception, for the 

six-spin systems at the cytoplasmic side of BetP in detergent, a polynomial 

background correction was performed to additionally remove the interprotomeric 

distances from the time trace. In Section 7.8.3, the result of standard and 

polynomial background correction of the PELDOR time trace is exemplarily 

indicated for one BetP variant. All traces were analyzed further by Tikhonov 

regularization to obtain the respective distance distributions. For analysis of 

experimental data by Tikhonov regularization, the software DeerAnalysis2013 

(Jeschke et al., 2006) was used. Detailed PELDOR data for each BetP variant can 

be found in Section 7.8.7.  

Distance distributions were simulated for models of known BetP structures with 

the rotamer library-based prediction software MMM2015.1 (Multiscale modelling 

of macromolecular systems) (Polyhach and Jeschke, 2010). Thereby, rotamers for 

the corresponding labeling sites were computed with the rotamer library 

R1A_298K_xray (Section 7.8.4). 

 

 

5.1.5.1 Three-spin system 

PELDOR was performed for the cytoplasmic three-spin system BetP 

S140C/C252T in detergent. The distance distributions derived from Tikhonov 

regularization of the experimental PELDOR data are compared to simulated 

distance distributions based on computed rotamers for symmetric and 

asymmetric BetP models. 

 

A                                                                B 

 



CONFORMATIONAL DYNAMICS 

 155 

                                    C 

 
Figure 5.9: PELDOR analysis of BetP S140C/C252T in detergent as three-spin system 
with labels located at the cytoplasmic side. 
Experimental PELDOR measurements were conducted for BetP S140C/C252T in 0.1 % 
DDM labeled with MMTSL at inactive (black) and active conditions (blue) at Q-band. 
Corresponding PELDOR time traces for BetP S140C/C252T are displayed as function of 
time in µs. The echo amplitude (A) and background-corrected normalized echo amplitude 
(B) are shown with the respective background as well as the fit to the data in red for the 
inactive and in gray for the active condition, respectively. C) The distance distribution was 
obtained by Tikhonov regularization (DeerAnalysis2013). 
 

 
Figure 5.10: Simulated PELDOR distance distribution for BetP S140C/C252T as three-
spin system. 
Simulated PELDOR distance distributions for BetP S140C/C252T models as symmetric 
trimer in the inward open (3xCi, black) and outward open (3xCe, blue) conformation as 
well as conformational asymmetric trimer in the inward open, fully occluded (Cc) and 
outward open state (Ci/Cc/Ce, red). BetP models were created in PyMOL with crystal 
structures in the inward open (PDB 4DOJ, chain C), fully occluded (PDB 4AIN, chain B) 
and outward open conformation (PDB 4LLH, chain B). Data was simulated for BetP 
structures with the software MMM2015.1 (Polyhach and Jeschke, 2010). 
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         A                                                           B 

 
                                        C 

 
Figure 5.11: Simulated models of BetP S140C/C252T as three-spin system with 
computed rotamers. 
Models of BetP are shown as symmetric trimers consisting of three protomers in either 
outward open (A, blue) or inward open (B, gray) state. The conformational asymmetric 
trimer (C) consists of a protomer in the outward and inward facing as well as in the fully 
occluded (cyan) conformation. The intratrimeric Cα – Cα distances are indicated between 
S140C. For clarity, the Cα-atom of S140C is depicted as sphere (red), whereas the 
corresponding rotamers in each respective conformation are depicted as sticks for the 
NO-atoms of the nitroxide spin labels.  
 
Table 5.2: Cα – Cα and simulated interprotomeric distances of BetP S140C/C252T 

Crystal structureCα- Cα SimulationMMM 
3xCe 3xCi Ce/Ci/Cc 3xCe 3xCi Ce/Ci/Cc 

5.48 nm 5.11 nm 
5.2 nm 

5.42 nm 
5.44 nm 

5.75 nm 5.87 nm 
5.78 nm 
5.97 nm 
6.05 nm 

 

PELDOR time traces for the three-spin system BetP S140C/C252T were recorded 

in a time window of 6 µs (Figure 5.9). The length of the time window is too short 

for precise measurements of the distance peaks larger than 5 nm (Jeschke, 

2012). In consequence, no significant distance change could be observed upon 
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activation of BetP. Distances in simulated symmetric (3xCi: 5.87 nm; 3xCe: 5.75 

nm) and asymmetric trimers (Ce/Ci/Cc: 5.78 nm, 5.97 nm, 6.05 nm) predicted a 

change of maximal ~ 0.3 nm, which is quite small compared to the intratrimeric 

distance of ~6 nm (Table 5.2). This corresponds to the simulated distance 

distribution (Figure 5.10), in which no significant difference is visible for the 

various trimeric architectures. The simulated data indicates that the accuracy of 

this experiment is limited by the rational freedom of the spin labels in 

combination with long intratrimeric distances. Intratrimeric distances for the 

three-spin system BetP C252T/S516C were predicted to be even longer. 

In summary, the three-spin system demonstrated that the PELDOR method 

delivered for BetP distances, which are in good agreement with structural data, 

but the precision is below the one required to resolve different conformational 

states of BetP.   

 

 

5.1.5.2 Six-spin system 

In order to detect conformational changes by shorter intraprotomeric distances, 

two positions within one protomer have to be simultaneously labeled, which is 

leading to a multi-spin system with in total six spin labels. For reliable data of spin 

systems with multiple spins, the appearance of artifacts known as ghost 

contributions in the obtained distance distribution has to be excluded (Von 

Hagens et al., 2013). Furthermore, this six-spin label strategy allows only the 

differentiation between protomers and provides no further information about the 

constitution of trimers. However, this label strategy enables the determination of 

conformational changes within BetP protomers in a more native environment. 

Therefore, intraprotomeric distances between labeled positions within the six-spin 

system were measured in detergent under non- and activating conditions.  

 

For the interpretation of the following results has to be considered that the 

distances measured by PELDOR are not unique for certain conformational states 

of the protomers and there might be no discrimination between specific 

conformations. Therefore, different states of a protomer could lead to a similar 

distance, due to the similar arrangement of the spin labeled positions within the 

helices. Whereas for cytoplasmic labeling sites, the outward open conformation 
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could not be distinguished from the fully occluded conformation, at the 

periplasmic side the inward open and fully occluded conformation could not be 

discriminated (Figure 5.12). According to this, representative distance relations 

are mainly differentiated between the most differing conformations, in particular 

the outward and inward open conformation. However, it has to be kept in mind, 

that the closed conformation might be simultaneously sampled. As a result, each 

PELDOR experiment on the spin labeled BetP might be a measurement on a 

combination of protomers in different states. 

 

 
Figure 5.12: Orientation of labeling sites in different conformations of BetP. 
Sequence of conformational changes of BetP at both sides of the membrane. Orientation 
of the helices are displayed for the outward open (Ce, blue), fully occluded (Cc, cyan) and 
inward open (Ci, gray) conformation. Upper and lower panel illustrate which 
conformations could not be discriminated by spin labeling at the periplasmic and 
cytoplasmic side of BetP, due to the same orientation of the helices (adapted from Perez 
et al., 2012). 
 

Results of the PELDOR measurements are shown for the cytoplasmic BetP 

variants and are further compared to simulated distance distributions, which are 

based on computed rotamers for the respective labeling site. Furthermore, 

intraprotomeric Cα – Cα distances between the labeling sites are indicated for a 

representative protomer in the outward and inward open conformation with the 

modeled rotamers for each six-spin system. The indicated Cα – Cα distances give 
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a general overview of the distance relation and describe the relative trend of the 

distance change between the spin labeled positions in the different 

conformations observed in the BetP crystal structures. It have to be noted that the 

obtained distance distributions might deviate from these distances due to the 

rational freedom and the size of the spin label itself of 5 - 8 Å (Klare and 

Steinhoff, 2009), factors which are considered in the rotamer-library based 

simulation. However, the Cα – Cα distances provide an initial estimation of the 

obtained data.  

In addition, the results for the periplasmic side are illustrated. Beside 

intraprotomeric also interprotomeric distances are indicated for the periplasmic 

six-spin systems. 

 

A                                                               B 

 
C                                                               D 

 
Figure 5.13: PELDOR analysis of BetP S140C/C252T/N488C in detergent as six-spin 
system with labels located at the cytoplasmic side. 
Experimental PELDOR time traces were recorded for BetP S140C/C252T/N488C in 0.1 
% DDM labeled with MMTSL at inactive (black) and active conditions (blue) at X-band. 
Corresponding PELDOR time traces for BetP S140C/C252T/N488C are displayed as 
function of time in µs. The echo amplitude (A) and background-corrected normalized echo 
amplitude (B) are shown with the respective background as well as the fit to the data in 
red for the inactive and in gray for the active condition, respectively. C) The distance 
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distribution was obtained by Tikhonov regularization (DeerAnalysis2013). D) For a better 
comparison, the resulting distance distribution was normalized. 
 

                                      A 

 
        B                                                                  C 

 
Figure 5.14: Simulated PELDOR distance distribution and representatives of protomeric 
BetP S140C/C252T/N488C. 
A) Simulated PELDOR distance distributions for the BetP S140C/C252T/N488C 
monomer based on crystal structures in different conformations: inward open state 1Ci 
(PDB 4DOJ, chain C, black) and 2Ci (PDB 4C7R, chain A, dashed red) as well as outward 
open state 1Ce (PDB 4DOJ, chain B, dark blue), 2Ce (PDB 4LLH, chain A, light blue) and 
3Ce (PDB 4LLH, chain B, green). In the cytoplasmic view, intraprotomeric Cα – Cα 
distances between the residues S140C and N488C are indicated with the Cα-atoms as 
spheres in red. The corresponding rotamers in the outward open (B, 2Ce, blue) and 
inward open (C, 1Ci, gray) conformation are depicted as sticks for the NO-atoms of the 
nitroxide spin labels. Data were simulated with the MMM software (Polyhach and 
Jeschke, 2010). 
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A                                                                B 

 
C                                                                D 

 
Figure 5.15: PELDOR analysis of BetP S140C/C252T/K489C in detergent as six-spin 
system with labels located at the cytoplasmic side. 
Experimental PELDOR time traces were recorded for BetP S140C/C252T/K489C in 0.1 % 
DDM labeled with MTSL at inactive (black) and active conditions (blue) at Q-band. 
Corresponding PELDOR time traces for BetP S140C/C252T/K489C are displayed as 
function of time in µs. The echo amplitude (A) and background-corrected normalized echo 
amplitude (B) are shown with the respective background as well as the fit to the data in 
red for the inactive and in gray for the active condition, respectively. C) The distance 
distribution was obtained by Tikhonov regularization (DeerAnalysis2013). D) For a better 
comparison, the resulting distance distribution was normalized. 
 

                                    A 
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        B                                                                 C 

 
Figure 5.16: Simulated PELDOR distance distribution and representatives of protomeric 
BetP S140C/C252T/K489C. 
A) Simulated PELDOR distance distributions for the BetP S140C/C252T/K489C 
monomer based on crystal structures in different conformations: inward open state 1Ci 
(PDB 4DOJ, chain C, black) and 2Ci (PDB 4C7R, chain A, dashed red) as well as outward 
open state 1Ce (PDB 4DOJ, chain B, dark blue), 2Ce (PDB 4LLH, chain A, light blue) and 
3Ce (PDB 4LLH, chain B, green). In the cytoplasmic view, intraprotomeric Cα – Cα 
distances between the residues S140C and K489C are indicated with the Cα-atoms as 
spheres in red. The corresponding rotamers in the outward open (B, 2Ce, blue) and 
inward open (C, 1Ci, gray) conformation are depicted as sticks for the NO-atoms of the 
nitroxide spin labels. Data were simulated with the MMM software (Polyhach and 
Jeschke, 2010). 
A                                                              B 

 
 B                                                               C 

 
Figure 5.17: PELDOR analysis of BetP S140C/C252T/T467A/S468A/K489C in 
detergent as six-spin system with labels located at the cytoplasmic side. 
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Experimental PELDOR time traces were recorded for BetP S140C/C252T/T467A/ 
S468A/K489C in 0.1 % DDM labeled with MMTSL at inactive (black) and active 
conditions (blue) at X-band. Corresponding PELDOR time traces for BetP 
S140C/C252T/T467A/S468A/K489C are displayed as function of time in µs. The echo 
amplitude (A) and background-corrected normalized echo amplitude (B) are shown with 
the respective background as well as the fit to the data in red for the inactive and in gray 
for the active condition, respectively. C) The distance distribution was obtained by 
Tikhonov regularization (DeerAnalysis2013). D) For a better comparison, the resulting 
distance distribution was normalized. 
 

A                                                               B 

 
C                                                               D 

 
Figure 5.18: PELDOR measurements of BetP S140C/C252T/W490C in detergent as six-
spin system with labels located at the cytoplasmic side. 
Experimental PELDOR time traces were recorded for BetP S140C/C252T/W490 in 0.1 % 
DDM labeled with MMTSL at inactive (black) and active conditions (blue) at X-band. 
Corresponding PELDOR time traces for BetP S140C/C252T/W490 are displayed as 
function of time in µs. The echo amplitude (A) and background-corrected normalized echo 
amplitude (B) are shown with the respective background as well as the fit to the data in 
red for the inactive and in gray for the active condition, respectively. C) The distance 
distribution was obtained by Tikhonov regularization (DeerAnalysis2013). D) For a better 
comparison, the resulting distance distribution was normalized. 
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                                  A 

 
       B                                                                 C 

 
Figure 5.19: Simulated PELDOR distance distribution and representatives of protomeric 
BetP S140C/C252T/W490C. 
A) Simulated PELDOR distance distributions for the BetP S140C/C252T/K489C 
monomer based on crystal structures in different conformations: inward open state 1Ci 
(PDB 4DOJ, chain C, black) and 2Ci (PDB 4C7R, chain A, dashed red) as well as outward 
open state 1Ce (PDB 4DOJ, chain B, dark blue), 2Ce (PDB 4LLH, chain A, light blue) and 
3Ce (PDB 4LLH, chain B, green). In the cytoplasmic view, intraprotomeric Cα – Cα 
distances between the residues S140C and W490C are indicated with the Cα-atoms as 
spheres in red. The corresponding rotamers in the outward open (B, 2Ce, blue) and 
inward open (C, 1Ci, gray) conformation are depicted as sticks for the NO-atoms of the 
nitroxide spin labels. Data were simulated with the MMM software (Polyhach and 
Jeschke, 2010). 
 
Table 5.3: Cα - Cα and simulated intraprotomeric distances for the cytoplasmic BetP six-
spin systems 

 Crystal structureCα- Cα SimulationMMM 
 2Ce 1Ci 2Ce 1Ci 

S140C – N488C 2.31 nm 2.57 nm 2.82 nm 2.85 nm 
S140C – K489C 2.3 nm 2.59 nm 2.68 nm 2.16 nm 
S140C – W490C 2.58 nm 2.93 nm 3.14 nm 3.28 nm 
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PELDOR time traces were recorded for the cytoplasmic BetP six-spin systems in a 

time window of 2 – 4 µs. Although long interprotomeric distances (> 5 nm) are 

present in the cytoplasmic six-spin systems of BetP, the short distances were 

successfully separated from these by a polynomial background correction of the 

data (Figure 5.13, Figure 5.15, Figure 5.17, Figure 5.18 A – B). For the distinct 

separation of the shorter intraprotomeric from the longer interprotomeric 

distances, a background of a polynomial shape instead of the common mono-

exponential background was used to filter the short distances out in the 

background corrected PELDOR time trace (personal communication Dr. Burkhard 

Endeward, Goethe University, Frankfurt). In all cases, the main distance peaks for 

the cysteine variants appear between 2 – 3.5 nm.  

BetP S140C/C252C/N488C shows under inactivating conditions a main peak at 

2.8 nm with a small shoulder at 3.4 nm (Figure 5.13). Upon activation, a slight 

increase of the shoulder can be detected, however, this increase is insignificant 

(Figure 5.13). In contrast, BetP S140C/C252T/K489C shows a significant change 

in the experimental distance distribution by splitting from the main distance at 

2.3 nm at non-activating conditions to two distances at 2.3 nm and 3 nm with 

almost the same probability under fully activating conditions (Figure 5.15). Table 

5.3 lists the intraprotomeric Cα – Cα distance relation between the residues 

S140 and K489 in one outward open and inward open crystal structure, 

respectively. The increase of the experimental intraprotomeric distance for BetP 

S140C/C252T/K489C might imply a conformational change from the outward to 

the inward facing state upon activation when compared to these distances. 

Although there might be a transition into another conformation indicated by the 

second longer peak, the shorter distance is still present for BetP 

S140C/C252T/K489C in the activated condition. Remarkably, this 

conformational change can be abolished for BetP S140C/C252C/T467A/ 

S468A/K489C, which is impaired in the ability to transport betaine (Figure 5.6), 

because the main sodium-binding site T467/S468 is distorted. A single distance 

peak at ~2.3 nm suggests for inactive BetP S140C/C252C/T467A/ 

S468A/K489C one distinct conformational state (Figure 5.17). For BetP 

S140C/C252C/W490C with a main peak at 3 nm and a less pronounced 

shoulder at 3.3 nm, no significant change upon activation could be observed 

(Figure 5.18). 



CONFORMATIONAL DYNAMICS 

 166 

Table 5.3 summarizes the intraprotomeric Cα – Cα distances between the native 

residues in the crystal structures and the simulated average spin-spin distances 

by the software package MMM (Polyhach et al., 2011; Polyhach and Jeschke, 

2010) for protomeric BetP cysteine variants exemplarily in the outward and 

inward open conformation. In addition, Figure 5.14, Figure 5.16 and Figure 5.19 

presents the corresponding BetP models with the most populated rotamers, 

which were predicted by the rotamer library R1A_298K_xray. This rotamer library 

was chosen for data analysis, because the standard rotamer library at cryogenic 

and ambient temperature, R1A_175K and R1A_289K, respectively, showed very 

low numbers of rotamers at specific sites leading to an artificial splitting of 

distance distributions (Section 7.8.4). For an adequate comparison, simulated 

distance distributions are displayed for different inward open and outward open 

BetP crystal structures. 

The differences between the simulated average spin-spin distances in both states 

are less pronounced for S140C/C252T/N488C, S140C/C252T/W490C and 

S140C/C252T/K489C as well as do not follow the same trend when compared to 

the measured Cα – Cα distances in the crystal structures (Table 5.3). However, 

the experimental obtained distance peaks are in a comparable range of the 

simulated spin-spin distances.  

The comparison of the experimental data with the computed distance 

distributions is far from trivial. No significant distance change between the 

outward and inward open conformation of BetP S140C/C252T/N488C and 

S140C/C252T/W490C can be detected in the simulated distance distributions 

(Figure 5.14 and Figure 5.19) as well as in the simulated average distances 

(Table 5.3). This correlates with the observed experimental distance distributions 

for these mutants (Figure 5.13 and Figure 5.18). In contrast, the trend of the 

simulation of BetP S140C/C252T/K489C differs from the predicted Cα – Cα 

distances. Whereas the inward open conformation is indicated by a longer 

distance in the crystal structure, within the simulation the different outward open 

conformations are characterized by longer distances (Figure 5.16). This 

divergence might be attributed to the different conformational freedom of the 

rotamers in the different conformations (Table 7.4, Section 7.8.4). 

In consequence, the computed distance distributions are significantly affected by 

the rotamer number (Table 7.4, Section 7.8.4) and distribution as indicated in 
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Figure 5.16. In general, the simulated distributions are slightly broader and more 

heterogenic than the experimental ones.  

A                                                                  B 

 
C                                                                  D 

 
Figure 5.20: PELDOR measurements of BetP C252T/G450C/A514C in detergent as six-
spin system with labels located at the periplasmic side. 
Experimental PELDOR time traces were recorded for BetP C252T/G450C/A514C in 0.1 % 
DDM labeled with MMTSL at inactive (black) and active conditions (blue) at Q-band. 
Corresponding PELDOR time traces for BetP C252T/G450C/A514C are displayed as 
function of time in µs. The echo amplitude (A) and background-corrected normalized echo 
amplitude (B) are shown with the respective background as well as the fit to the data in 
red for the inactive and in gray for the active condition, respectively. C) The distance 
distribution was obtained by Tikhonov regularization (DeerAnalysis2013). D) For a better 
comparison, the first part of the resulting distance distribution was normalized. 
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Figure 5.21: Simulated PELDOR distance distribution and representatives of protomeric 
BetP C252T/G450C/A514C. 
A) Simulated PELDOR distance distributions for the BetP C252T/G450C/A514C 
monomer based on crystal structures in different conformations: inward open state 1Ci 
(PDB 4DOJ, chain C, black) and 2Ci (PDB 4C7R, chain A, dashed red) as well as outward 
open state 1Ce (PDB 4DOJ, chain B, dark blue), 2Ce (PDB 4LLH, chain A, light blue) and 
3Ce (PDB 4LLH, chain B, green). In the periplasmic view, intraprotomeric Cα – Cα 
distances between the residues G450C and A514C are indicated with the Cα-atoms as 
spheres in red. The corresponding rotamers in the outward open (B, 2Ce, blue) and 
inward open (C, 1Ci, gray) conformation are depicted as sticks for the NO-atoms of the 
nitroxide spin labels. Data was simulated with the MMM software (Polyhach and Jeschke, 
2010). 
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Figure 5.22: PELDOR measurements of BetP C252T/G450C/T467A/A514C in 
detergent as six-spin system with labels located at the periplasmic side. 
Experimental PELDOR time traces were recorded for BetP C252T/G450C/T467A/ 
S468A/A514C in 0.1 % DDM labeled with MMTSL at inactive (black) and active 
conditions (blue) at Q-band. Corresponding PELDOR time traces for BetP 
C252T/G450C/T467A/S468A/A514C are displayed as function of time in µs. The echo 
amplitude (A) and background-corrected normalized echo amplitude (B) are shown with 
the respective background as well as the fit to the data in red for the inactive and in gray 
for the active condition, respectively. C) The distance distribution was obtained by 
Tikhonov regularization (DeerAnalysis2013). D) For a better comparison, the resulting 
distance distribution was normalized. 
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Figure 5.23: PELDOR measurements of BetP C252T/G450C/L515C in detergent as six-
spin system with labels located at the periplasmic side. 
Experimental PELDOR time traces were recorded for BetP C252T/G450C/L515C in 0.1 % 
DDM labeled with MMTSL at inactive (black) and active conditions (blue) at Q-band. 
Corresponding PELDOR time traces for BetP C252T/G450C/L515C are displayed as 
function of time in µs. The echo amplitude (A) and background-corrected normalized echo 
amplitude (B) are shown with the respective background as well as the fit to the data in 
red for the inactive and in gray for the active condition, respectively. C) The distance 
distribution was obtained by Tikhonov regularization (DeerAnalysis2013). D) For a better 
comparison, the first half of the resulting distance distribution was normalized. 
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Figure 5.24: Simulated PELDOR distance distribution and representatives of protomeric 
BetP C252T/G450C/L515C. 
A) Simulated PELDOR distance distributions for the BetP C252T/G450C/L515C 
monomer based on crystal structures in different conformations: inward open state 1Ci 
(PDB 4DOJ, chain C, black) and 2Ci (PDB 4C7R, chain A, dashed red) as well as outward 
open state 1Ce (PDB 4DOJ, chain B, dark blue), 2Ce (PDB 4LLH, chain A, light blue) and 
3Ce (PDB 4LLH, chain B, green). In the periplasmic view, intraprotomeric Cα – Cα 
distances between the residues G450C and L515C are indicated with the Cα-atoms as 
spheres in red. The corresponding rotamers in the outward open (B, 2Ce, blue) and 
inward open (C, 1Ci, gray) conformation are depicted as sticks for the NO-atoms of the 
nitroxide spin labels. Data was simulated with the MMM software 1 (Polyhach and 
Jeschke, 2010). 
 



CONFORMATIONAL DYNAMICS 

 171 

A                                                                  B 

 
C                                                                 D

 
Figure 5.25: PELDOR measurements of BetP C252T/G450C/S516C in detergent as six-
spin system with labels located at the periplasmic side. 
Experimental PELDOR time traces were recorded for BetP C252T/G450C/S516C in 0.1 
% DDM labeled with MTSL at inactive (black) and active conditions (blue) at Q-band. 
Corresponding PELDOR time traces for BetP C252T/G450C/S516C are displayed as 
function of time in µs. The echo amplitude (A) and background-corrected normalized echo 
amplitude (B) are shown with the respective background as well as the fit to the data in 
red for the inactive and in gray for the active condition, respectively. C) The distance 
distribution was obtained by Tikhonov regularization (DeerAnalysis2013). D) For a better 
comparison, the first half of the resulting distance distribution was normalized.                                    
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Figure 5.26: Simulated PELDOR distance distribution and representatives of protomeric 
BetP C252T/G450C/S516C. 
A) Simulated PELDOR distance distributions for the BetP C252T/G450C/S516C 
monomer based on crystal structures in different conformations: inward open state 1Ci 
(PDB 4DOJ, chain C, black) and 2Ci (PDB 4C7R, chain A, dashed red) as well as outward 
open state 1Ce (PDB 4DOJ, chain B, dark blue), 2Ce (PDB 4LLH, chain A, light blue) and 
3Ce (PDB 4LLH, chain B, green). In the periplasmic view, intraprotomeric Cα – Cα 
distances between the residues G450C and S516C are indicated with the Cα-atoms as 
spheres in red. The corresponding rotamers in the outward open (B, 2Ce, blue) and 
inward open (C, 1Ci, gray) conformation are depicted as sticks for the NO-atoms of the 
nitroxide spin labels. Data was simulated with the MMM software (Polyhach and Jeschke, 
2010). 
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Figure 5.27: PELDOR measurements of BetP C252T/G450C/T467A/S468A/S516C in 
detergent as six-spin system with labels located at the periplasmic side. 
Experimental PELDOR time traces were recorded for BetP C252T/G450C/T467A/ 
S468A/S516C in 0.1 % DDM labeled with MTSL at inactive (black) and active conditions 
(blue) at Q-band. Corresponding PELDOR time traces for BetP C252T/G450C/T467A/ 
S468A/S516C are displayed as function of time in µs. The echo amplitude (A) and 
background-corrected normalized echo amplitude (B) are shown with the respective 
background as well as the fit to the data in red for the inactive and in gray for the active 
condition, respectively. C) The distance distribution was obtained by Tikhonov 
regularization (DeerAnalysis2013). D) For a better comparison, the first half of the 
resulting distance distribution was normalized. 
 
Table 5.4: Cα – Cα and simulated intraprotomeric distances for the periplasmic BetP 
six-spin systems 

 Crystal structureCα- Cα SimulationMMM 
 2Ce 1Ci 2Ce 1Ci 

G450C – A514C 3.3 nm 2.69 nm 4.09 nm 2.53 nm 
G450C – L515C 3.06 nm 2.53 nm 3.63 nm 2.78 nm 
G450C – S516C 3.02 nm 2.85 nm 3.23 nm 3.33 nm 

 

 
Figure 5.28: Representative intra- and interprotomeric distances for symmetric BetP 
C252T/G450C/S516C as six-spin system. 
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The conformational symmetric BetP trimer models were created with the solved X-ray 
structures of BetP protomers in the outward open (2Ce, blue) and inward open (1Ci, gray) 
conformation. The native residues G450 and S516 are selected as labeling sites and the 
corresponding Cα-atoms are represented as red spheres. Intraprotomeric distances are 
colored red, the interprotomeric distances are colored black and the distance relations 
are depicted as Cα – Cα distances between the corresponding residues. 
 
Table 5.5: Cα – Cα and simulated interprotomeric distances for the periplasmic BetP 
six-spin systems 

 Crystal structureCα- Cα SimulationMMM 
 3 x 2Ce 3 x 1Ci 3 x 2Ce 3 x 1Ci 
G450C – A514Cinter1 4.67 nm 4.7 nm 4.9 nm 5.35 nm 
G450C – A514Cinter2 7.38 nm 7.37 nm 8.51 nm 7.73 nm 
G450C – G450Cinter 6.62 nm 6.68 nm 7.21 nm 7.25 nm 
A514C – A514Cinter 6.37 nm 6.25 nm 7.53 nm 6.42 nm 
G450C – L515Cinter1 4.44 nm 4.57 nm 5.13 nm 4.6 nm 
G450C – L515Cinter2 7.12 nm 7.03 nm 8.15 nm 7.12 nm 
G450C – G450Cinter 6.62 nm 6.68 nm 7.21 nm 7.25 nm 
L515C – L515Cinter 5.82 nm 5.66 nm 6.99 nm 5.21 nm 

G450C – S516Cinter1 4.15 nm 4.22 nm 4.4 nm 3.92 nm 
G450C – S516Cinter2 7.21 nm 6.95 nm 7.67 nm 7.32 nm 
G450C – G450Cinter 6.62 nm 6.68 nm 7.21 nm 7.25 nm 
S516C – S516Cinter 5.9 nm 5.44 nm 6.1 nm 5.41 nm 

 

Figure 5.20 – Figure 5.27 show the results of the experimental and simulated 

PELDOR measurements for the six-spin systems at the periplasmic side of diverse 

BetP variants in detergent. PELDOR time traces were recorded with time windows 

of 4 – 6 µs. In contrast to the measurements for the cytoplasmic six-spin systems, 

the intraprotomeric distances were not sufficiently separated from the longer 

interprotomeric distances in the periplasmic BetP mutants. For these 

measurements, distance populations have been detected between 2 – 10 nm. 

Due to the insufficient accuracy of long distances, for time windows of 6 µs 

distances around 7 nm or even longer are not reliable (Jeschke, 2012). In 

consequence, the analysis will focus on the first part of the distance distribution 

(<5 nm), which is still sufficient for 4 µs PELDOR time traces and the expected 

distances within a protomer. In addition, the experimental results are compared 

to the simulated data based on the single protomers in the outward and inward 

open conformations. Therefore, the probability was normalized only for the first 

part of the distance distribution, which contains the more relevant information of 

the intraprotomeric distances. 
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The analysis of the PELDOR time traces of BetP C252T/G450C/A514C indicated 

that under non-activating conditions, the distance distribution exhibits a peak at 3 

nm. Upon activation, the distance at 3 nm shifts slightly to longer distances and 

at 3.7 nm an additional peak appears (Figure 5.20). Based on the intraprotomeric 

Cα – Cα distances (Table 5.4), the presence of a second longer distance suggests 

a change from the inward facing to the outward open state. This corresponds very 

well to the simulated distance distribution (Figure 5.21). As for the cytoplasmic 

side, the inactivation of BetP C252T/G450C/A514C by the additional 

substitutions of the essential sodium-binding site (T467/S468) were investigated. 

BetP C252T/G450C/T467A/S468A/A514C was identified to be impaired in the 

betaine transport activity and consequently a less significant difference could be 

observed (Figure 5.22). Taking the short PELDOR time trace window into account, 

the differences are in the order of the uncertainty, expected from the background 

correction.  

BetP C252T/G450C/L515C is characterized by very broad distance distribution 

with a main peak at 4.2 nm and a shoulder at approximately 5.5 nm at inactive 

conditions (Figure 5.23). Addition of the main activation trigger K+ and betaine as 

substrate let separate the distance distribution into at least two peaks at 2.9 nm, 

and 4.3 nm with a shoulder at 4.8 nm and a distance around 6.1 nm. The latter 

distance is too long for a reliable interpretation. Here, the occurrence of the 

significant smaller distance at 2.9 nm indicates a change from the outward facing 

to the inward open state, if compared with proposed intraprotomeric Cα – Cα 

distances for the respective states (Table 5.4). The longer intraprotomeric 

distance corresponding to the outward open transporter (Cα – Cα: 3.3 nm, MMM: 

3.63 nm) seems to overlap with other longer interprotomeric distances within the 

broad distance distribution under inactive conditions in the six-spin system. This 

is matching to the simulated distance distribution, in which peaks for the outward 

open conformation can be detected at 4 nm (Figure 5.24).  

The analysis of the experimental data of BetP C252T/G450C/S516C revealed at 

inactivating conditions a distance distribution at 3.65 nm up to 5.6 nm, whereas 

the activated BetP variant exhibits high probabilities for the distance of 2.7 nm 

and a distance distribution between 4.2 nm and 5.4 nm (Figure 5.25), which 

might be interpreted as two distances. However, the distances are outside of the 

reliability of the PELDOR data. Interestingly, upon activation of this BetP variant, 
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again a short distance could be detected, which might correspond to the inward 

open conformation when comparing the trend of Cα – Cα distances (Table 5.4). 

According to this, the transporter is suggested to undergo the transition from 

outward open to the inward open conformation as seen for BetP 

C252T/G450C/L515C. The longer distance is again assumed to overlap with the 

longer interprotomeric distances. In contrast to C252T/G450C/L515C, there is no 

significant difference between the different states in the rotamer-predicted 

distance distribution for C252T/G450C/S516C visible. Calculations for this 

mutant excluded ghost contributions due to multi-spin effects (Section 7.8.5) and 

therefore the observed distance changes can be assumed as significant. As 

expected, for the non-activatable mutant C252T/G450C/T467A/S468A/S516C, 

no significant change in the main peak population upon activation was 

demonstrated (Figure 5.27). From the three labeling pairs in total at the 

periplasmic side of BetP, two showed the appearance of a shorter distance in the 

presence of K+ and the substrates Na+/betaine. Interestingly, BetP 

C252T/G450C/A514C, which is adjacent to residue L515C, was characterized by 

an opposite movement. This unexpected result leaded to a revision of this specific 

position in diverse BetP structures. It was found, that A514 is located at a very 

flexible loop between TM11 and TM12. Moreover, this residue is even not 

resolved in all structures due its flexibility (personal communication Dr. Caroline 

Koshy). Thus, the deviating result for C252T/G450C/A514C was attributed to the 

high flexibility at this position, which was considered in further discussions. As for 

the cytoplasmic side, the simulated distance distributions were similar for the 

inward open crystal structures but differed between the outward open 

conformations. Although 1Ci (PDB 4DOJ, chain A) is in particular a substrate-

bound conformation (CiS), it is directly comparable to 2Ci (PDB 4C7R, chain A). In 

contrast, the differences between the outward open conformations are more 

pronounced than expected. Here, the calculated distance distributions are 

significantly affected by the rotamer number and distribution (Section 7.8.4, Table 

7.4). In general, the simulated distributions were more heterogenic than the 

experimental distance distributions. 

The combination of intra- and interprotomeric distances is exemplarily indicated 

in Figure 5.28 and is included in Table 5.5 for symmetric trimers in the inward 

and outward facing orientation. The number, the length and broad distributions of 
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the distances impede a precise assignment of the detected distances in the 

experimentally measured to the simulated interprotomeric distances, which is too 

complicated due to the trimeric appearance of BetP. However, the detected 

distances are within the realms of possibility if compared within Table 5.5. 

Although the existence of asymmetric trimers might be considered here, the 

imprecise assignment of the distances make a further discrimination difficult and 

was therefore not pursued further. 

 

 

5.1.6 PELDOR measurements in E. coli polar lipid proteoliposomes 

For BetP the regulatory role of specific lipids was indicated by biochemical as well 

as structural data (Koshy et al., 2013; Rübenhagen et al., 2000). Therefore, BetP 

was incorporated into E. coli polar lipid liposomes for PELDOR measurements. 

Reconstitution of spin labeled BetP variants allows the distance measurements 

by PELDOR in even more native conditions than in detergent. BetP variants were 

purified and spin labeled as described before. For reconstitution of selected BetP 

cysteine variants into E. coli polar liposomes with a LPR of 20:1, the protocol 

established by Sascha Niklisch (Nicklisch et al., 2012) was used. The less harsh 

reconstitution method combining extraction of the detergent by Bio-Beads during 

dialysis increase the yield of incorporated spin labeled protein. According to the 

approach earlier, the distances for reconstituted BetP were measured under non- 

and activating conditions by PELDOR for the six-spin system. At inactivating 

conditions, no difference between the internal and external Na+ concentration of 

the proteoliposomes was present. In contrast, at activating conditions BetP 

variants reconstituted into liposomes were activated by internal K+, whereas the 

substrates betaine and Na+ were provided from the outside. Additionally, 

valinomycin was added to the samples to facilitate a membrane potential. 

PELDOR measurements were performed for the cytoplasmic BetP variants 

S140C/C252T/N488C, S140C/C252T/K489C and S140C/C252T/W490C as 

well as for the periplasmic six-spin systems BetP C252T/G450C/L515C and 

C252T/G450C/S516C reconstituted into liposomes. Additionally, also the data of 

the betaine transport impaired mutants S140C/C252T/T467A/S468A/K489C 

and BetP C252T/G450C/T467A/S468A/S516C is presented.  
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Figure 5.29: PELDOR measurements of BetP S140C/C252T/N488C reconstituted into 
E. coli lipid liposomes as six-spin system at the cytoplasmic side. 
Experimental PELDOR time traces were recorded for BetP S140C/C252T/N488C 
reconstituted into E. coli polar lipid liposomes and labeled with MMTSL at inactive (black) 
and active conditions (blue) at Q-band. Corresponding PELDOR time traces for BetP 
S140C/C252T/N488C are displayed as function of time in µs. The echo amplitude (A) 
and background-corrected normalized echo amplitude (B) are shown with the respective 
background as well as the fit to the data in red for the inactive and in gray for the active 
condition, respectively. C) The distance distribution was obtained by Tikhonov 
regularization (DeerAnalysis2013). D) For a better comparison, the first half of the 
resulting distance distribution was normalized. 
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Figure 5.30: PELDOR measurements of BetP S140C/C252T/K489C reconstituted into 
E. coli lipid liposomes as six-spin system at the cytoplasmic side. 
Experimental PELDOR time traces were recorded for BetP S140C/C252T/K489C 
reconstituted into E. coli polar lipid liposomes and labeled with MTSL at inactive (black) 
and active conditions (blue) at Q-band. Corresponding PELDOR time traces for BetP 
S140C/C252T/K489C are displayed as function of time in µs. The echo amplitude (A) 
and background-corrected normalized echo amplitude (B) are shown with the respective 
background as well as the fit to the data in red for the inactive and in gray for the active 
condition, respectively. C) The distance distribution was obtained by Tikhonov 
regularization (DeerAnalysis2013). D) For a better comparison, the resulting distance 
distribution was normalized. 
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Figure 5.31: PELDOR measurements of BetP S140C/C252T/T467A/S468A/K489C 
reconstituted into E. coli lipid liposomes as six-spin system at the cytoplasmic side. 
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Experimental PELDOR time traces were recorded for BetP S140C/C252T/T467A/ 
S468A/K489C reconstituted into E. coli polar lipid liposomes and labeled with MMTSL at 
inactive (black) and active conditions (blue) at Q-band. Corresponding PELDOR time 
traces for BetP S140C/C252T/T467A/S468A/K489C are displayed as function of time in 
µs. The echo amplitude (A) and background-corrected normalized echo amplitude (B) are 
shown with the respective background as well as the fit to the data in red for the inactive 
and in gray for the active condition, respectively. C) The distance distribution was 
obtained by Tikhonov regularization (DeerAnalysis2013). D) For a better comparison, the 
resulting distance distribution was normalized. 
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 Figure 5.32: PELDOR measurements of BetP S140C/C252T/W490C reconstituted into 
E. coli lipid liposomes as six-spin system at the cytoplasmic side. 
Experimental PELDOR time traces were recorded for BetP S140C/C252T/W490C 
reconstituted into E. coli polar lipid liposomes and labeled with MMTSL at inactive (black) 
and active conditions (blue) at Q-band. Corresponding PELDOR time traces for BetP 
S140C/C252T/W490C are displayed as function of time in µs. The echo amplitude (A) 
and background-corrected normalized echo amplitude (B) are shown with the respective 
background as well as the fit to the data in red for the inactive and in gray for the active 
condition, respectively. C) The distance distribution was obtained by Tikhonov 
regularization (DeerAnalysis2013). D) For a better comparison, the first half of the 
resulting distance distribution was normalized. 
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Figure 5.33: PELDOR measurements of BetP C252T/G450C/L515C reconstituted into 
E. coli lipid liposomes as six-spin system at the periplasmic side. 
Experimental PELDOR time traces were recorded for BetP C252T/G450C/L515C 
reconstituted into E. coli polar lipid liposomes and labeled with MMTSL at inactive (black) 
and active conditions (blue) at Q-band. Corresponding PELDOR time traces for BetP 
C252T/G450C/L515C are displayed as function of time in µs. The echo amplitude (A) 
and background-corrected normalized echo amplitude (B) are shown with the respective 
background as well as the fit to the data in red for the inactive and in gray for the active 
condition, respectively. C) The distance distribution was obtained by Tikhonov 
regularization (DeerAnalysis2013). D) For a better comparison, the first half of the 
resulting distance distribution was normalized. 
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Figure 5.34: PELDOR measurements of BetP C252T/G450C/S516C reconstituted into 
E. coli lipid liposomes as six-spin system at the periplasmic side. 
Experimental PELDOR time traces were recorded for BetP C252T/G450C/S516C 
reconstituted into E. coli polar lipid liposomes and labeled with MTSL at inactive (black) 
and active conditions (blue) at Q-band. Corresponding PELDOR time traces for BetP 
C252T/G450C/S516C are displayed as function of time in µs. The echo amplitude (A) 
and background-corrected normalized echo amplitude (B) are shown with the respective 
background as well as the fit to the data in red for the inactive and in gray for the active 
condition, respectively. C) The distance distribution was obtained by Tikhonov 
regularization (DeerAnalysis2013). D) For a better comparison, the first half of the 
resulting distance distribution was normalized. 
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Figure 5.35: PELDOR measurements of BetP C252T/G450C/T467A/S468A/S516C 
reconstituted into E. coli lipid liposomes as six-spin system at the periplasmic side. 
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Experimental PELDOR time traces were recorded for BetP C252T/G450C/T467A/ 
S468A/S516C reconstituted into E. coli polar lipid liposomes and labeled with MTSL at 
inactive (black) and active conditions (blue) at Q-band. Corresponding PELDOR time 
traces for BetP C252T/G450C/T467A/S468A/S516C are displayed as function of time in 
µs. The echo amplitude (A) and background-corrected normalized echo amplitude (B) are 
shown with the respective background as well as the fit to the data in red for the inactive 
and in gray for the active condition, respectively. C) The distance distribution was 
obtained by Tikhonov regularization (DeerAnalysis2013). D) For a better comparison, the 
first half of the resulting distance distribution was normalized. 
 

PELDOR time traces were recorded for the reconstituted six-spin systems in time 

windows of approximately 3 to maximal 3.5 µs. The intraprotomeric distances 

were only partly separated from longer interprotomeric distances. Thus, main 

distance peaks can be observed between 2 – 9 nm. Because the study is 

focusing on the shorter intraprotomeric distances (< 5 nm), the probability was 

normalized for the first part of the distance distribution.  

For the reconstituted cytoplasmic six-spin system BetP S140C/C252T/N488C 

under inactive as well as active conditions a main peak at 3.2 nm was detected 

(Figure 5.29). Whereas upon activation only a shoulder at 3.7 nm appears, 

additional distance distributions above 3.5 nm, which are not considered as 

significant, are visible in the inactive condition. A direct comparison to the data 

obtained for this mutant in detergent showed that the main population can be 

found already at 2.8 nm instead of 3.2 nm (Figure 5.13). In contrast to the 

detergent sample, in the case of BetP S140C/C252T/K489C, in proteoliposomes 

a broad distance distributions in both conditions can be observed. Thereby, the 

non-activated condition is characterized by a main peak at 2.6 nm instead 2.3 nm 

identified in detergent. Upon addition of betaine and K+ to the proteoliposome 

system, the main distance shifts to 2.9 nm, which is comparable to the population 

at 3 nm in Figure 5.15 and was suggested to correspond to the inward open 

conformation of the transporter. The broad distance distribution in both 

conditions might indicate a heterogenic composition of conformational states. 

The betaine transport deficient mutant BetP S140C/C252T/T467A/S468A/ 

K489C shows no distance change upon activation (Figure 5.31). Moreover, also a 

broad distance distribution from 2 to 3.5 nm was detected, which is directly 

comparable to the range where the inactive and active state of BetP 

S140C/C252T/K489C have been found (Figure 5.30). As in detergent, for 
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reconstituted BetP S140C/C252T/W490C no significant alteration were observed 

between the two different conditions ( Figure 5.32). The main peaks can be found 

for the respective mutant at 3.3 nm. 

At the periplasmic side, for BetP C252T/G450C/L515C instead of a broad 

distribution with a main peak at 4.2 nm in detergent (Figure 5.23), the distance 

distribution seperates into two populations of 3 and 4.6 nm for the 

proteoliposome system under non-activating conditions (Figure 5.33). Upon 

activation a low probability peak can be found below 2 nm, which is most 

probably the result of the detection of hyperfine modulation artifacts from weakly 

coupled deuterium nuclei (personal communication Dr. Burkhard Endeward). This 

distance should not be further considered due to the strongly decreasing 

sensitivity of PELDOR below 2 nm. In addition, there is a pronounced increase in 

the the population of 2.9 nm, which is directly comparable to the six-spin system 

in detergent. This short distance was suggested to represent the fraction of the 

inward open transporter. At inactive conditions, the obtained distance distribution 

of reconstituted BetP C252T/G450C/S516C is characterized by a broad 

population around 4 nm. The addition of the activating factors K+ and betaine let 

split the broad population into a peak at 2.7 nm and another at 4.5 nm (Figure 

5.34). The short intraprotomeric distance is corresponding to the population of 

2.7 nm in detergent (Figure 5.25). The appearance of a shorter distance was 

interpreted to demonstrate the inward open state of BetP. Like in detergent, BetP 

C252T/G450C/T467A/S468A/S516C in proteoliposomes displays no significant 

change upon activation (Figure 5.35).  

In general, the obtained data for the cytoplasmic six-spin BetP systems show a 

more heterogenic composition with broader distances. For the cytoplasmic BetP 

variants a common trend of a shift to longer distances of about 0.3 – 0.4 nm was 

detected, which might indicate an effect by the lipid surrounding. In contrast, the 

distances at the periplasmic site show the identical transition from the outward 

facing to the inward facing state of BetP upon activation. Moreover, a shift to 

longer distances was not observed for the periplasmic BetP variants.  
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5.2 Discussion 

5.2.1 Investigation of conformational asymmetry in BetP by PELDOR 

One major goal of the PELDOR analysis was to address the nature of the 

conformational asymmetry of trimeric BetP not constrained by crystal contacts. 

The following three scenarios can be imagined linking activation of BetP to the 

conformational mix: (1) symmetric trimers due to the synchronization of the 

alternating access, (2) structural asymmetric trimers because of a constitutive 

cycling or (3) random cycling of the protomers independently through the states.  

In the past, BetP was already studied in terms of a potential crosstalk in order to 

explain the observed conformational asymmetry. Artificial monomerization of BetP 

by substitution of periplasmic residues at the trimer interface identified the 

monomer, albeit with a reduced transport activity level, as functional unit for 

transport catalysis. Additionally, the monomer did not show transport regulation 

(Perez et al., 2011a). Consequently, the trimeric architecture was suggested as 

prerequisite for regulation.  

A functional crosstalk within BetP was deduced from the observed interaction 

between the elongated C-terminal domain and mainly the cytoplasmic loop 2 of 

the adjacent protomer in the crystal structure (Ressl et al., 2009). A comparable 

interaction leading to an allosteric regulation by adjacent protomers was also 

found in the trimeric Amt-1 transporter (Loque et al., 2007; Loque et al., 2006). 

Consequently, a functional significance was assumed for the interprotomeric 

interaction. In particular, the observed conformational asymmetry in 2D and 3D 

crystals pointed towards the presence of a conformational crosstalk. In this 

context, the asymmetry strongly suggests a conformational coupling between the 

protomers within a trimer, which might facilitate the conversion of the individual 

protomers from out- to the inward facing state by reducing the rate-limiting steps 

(Tsai et al., 2011). Beside symmetric trimers, conformational asymmetric trimers 

were reported only in crystal structures and therefore the influence by crystal 

contacts could not be ruled out. Notably, in all asymmetric structures of 3D 

crystals, protomer C is forced into the inward facing state by crystal contacts at 

the periplasmic side with the C-terminal domain of protomer A of the symmetry 

related trimer. But because crystal contacts differ significantly in 2D and 3D 

crystal structures, the appearance of the asymmetry might be not just artificial 



CONFORMATIONAL DYNAMICS 

 186 

and raises the question if either symmetric or asymmetric trimers represent the 

physiologically relevant state. The situation can be related to trimeric AcrB. Based 

on a structural asymmetry observed for AcrB, evidence for a conformational 

crosstalk was provided (Murakami et al., 2006; Seeger et al., 2006).  

 

More recently, a heterotrimer approach excluded an interprotomeric crosstalk in 

regulation (Becker et al., 2014). Experiments revealed that a single protomer in a 

trimeric environment has the capacity to transport betaine as well as to respond 

to osmotic stress even when the adjacent protomers are inhibited in function 

(substitution of substrate- and Na+-binding site) and regulation (deletion of C-

terminal domain). As a result, no negative dominance from inactivated adjacent 

protomers occurred. Conclusively, the regulatory competence of the C-terminal 

domain was suggested to be only relevant for its protomer itself. However, the 

contribution of the N-terminal domain in a potential crosstalk was not considered 

and moreover these experiments were performed in proteoliposomes, in which 

the role of the more relevant membrane stimulus cannot be assessed (Becker et 

al., 2014). A further argument against a regulatory crosstalk of BetP is provided 

by 2D crystal structures of BetPΔC45. In this mutant, the important inter-

protomeric interaction site provided by the C-terminal domain is not existent, 

however, the trimers form asymmetric trimers, too (Tsai et al., 2011). Despite the 

wealth of data, the presence of asymmetric BetP trimers in 2D and 3D crystals 

can still not be explained.  

In contrast to the rare examples as AcrB and Amt-1 for which a conformational 

crosstalk was demonstrated, a crosstalk was excluded for trimeric GltPh by 

comparable pulsed EPR studies (Section 1.2). Here, an identical label strategy to 

our study was applied for GltPh from Pyrococcus horikoshii to probe structure as 

well as the state distribution of the subunits within the trimer (Georgieva et al., 

2013; Hänelt et al., 2013). In contrast to BetP, the crystal structures of 

asymmetric GltPh predicted for the alternating access cycle, large movements of 2 

nm of the transport domain across the membrane. According to the large 

conformational change, PELDOR enabled the identification of the conformational 

ensemble for GltPh in detergent and proteoliposomes. However, the underlying 

alternating access mechanism of GltPh, the “elevator-model” (Akyuz et al., 2015) 
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significantly differs from the transport mechanism proposed for BetP (Perez et al., 

2012). 

 

For PELDOR measurements in BetP, TM3 was selected as most promising 

candidate. In particular, the unwound glycine stretch in the middle of TM3 is 

involved in the substrate coordination (Perez et al., 2012; Ressl et al., 2009) and 

moves during the alternating access mechanism. In the three-spin system, one 

distance between the spin labeled positions would indicate symmetric trimers, 

whereas several distances would indicate asymmetric trimers. However, as the 

movements in BetP are below 6 Å, the three-spin system was at its limit. In fact, 

the distance change between TM3 could not be accurately detected within the 

trimer. Although an overlay between an inward and outward open conformation 

indicated a vertical movement within the protomer of 5.3 Å of the respective 

residue S140 (Figure 5.36), this movement is almost not detectable within the 

intratrimeric distance change. Representative Cα – Cα distances for BetP S140C 

are listed for the different conformations in Table 5.6. In addition, the Cα – Cα 

distance length of approximately ~5 nm in the crystal structure between the Cα-

atoms of the residues is leading to main distance peaks at 6 nm in the 

experimental distance distribution, the sensitivity limit for applied 4-pulse 

PELDOR and the relaxation properties of the sample.  

 

 
Figure 5.36: Conformational change of labeling site S140C. 
Protomer A in the inward open state (PDB 4C7R, chain A, gray) is superimposed by a 
protomer in the outward open conformation (PDB 4DOJ, chain B, blue) within the trimer. 
The Cα – Cα distance of movement of the native residue S140 is depicted by a black line 
(Inset). 
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The overlay of the structure in the inward open and outward open state of BetP 

indicated alternative labeling sites, for which a more pronounced movement is 

predicted. These sites are located at the peripheral boarders of BetP, which as 

protomer itself has already a diameter of approximately 5 nm. In comparison to 

the cytoplasmic side, the periplasmic side exhibit more potential candidates, 

however, both sides are characterized by long intratrimeric distances. In Table 

5.6, few representatives for alternative labeling sites for the cytoplasmic and 

periplasmic side are listed. At the periplasmic side, residue S516C might present 

an appropriate labeling site (Figure 5.37). The predicted movement within the 

quite long intratrimeric distances is 10 Å (1 nm). Although functional analysis 

indicated for BetP C252T/S516C the suitability for further investigations (Figure 

5.6 and Figure 5.8), PELDOR measurements were not performed at that stage 

due to the distance limitations in the standard 4-pulse PELDOR method. 

 
Table 5.6: Cα – Cα distances for three-spin systems of BetP 

 Symmetric trimer Asymmetric trimer 
Residue ProΔCe/Ci 3xCe 3xCi Ce/Ci/Cc 
S140cp 5.3 Å 5.24 nm 5.1 nm 5.2/5.26/53.8 nm 
G299cp 5.2 Å 8 nm 8.6 nm 7.45/7.74/8.5 nm 
L508pp 6.7 Å 8.97 nm 7.46 nm 7.6/8.27/8.31 nm 
S516pp 4.7 Å 6.48 nm 5.44 nm 5.58/5.98/6.25 nm 

ProΔCe/Ci : Cα – Cα distance of the conformational change of the respective residue at the 
cytoplasmic (cp) or periplasmic (pp) site within the protomer; Ce: outward open, PDB 4DOJ, chain B; 
Ci: inward open, PDB 4C7R, chain A; Cc: closed (PDB 4AIN, chain B)  

 

A                                               B                                                  C 

 
Figure 5.37: Cα – Cα distances for alternative three-spin system at the periplasmic side 
of BetP. 
The intratrimeric Cα – Cα distances are indicated for the three-spin system BetP S516C 
as symmetric trimers in the outward open (A, PDB 4DOJ, chain B, blue) and inward open 
state (B, PDB 4C7R, chain A, gray) as well as asymmetric trimer with a protomer in the 
outward and inward open as well as the fully occluded (PDB 4AIN, chain B, cyan) state. 
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Additionally, the position of L508 is presented. The Cα-atoms of residue S516 and L508 
are depicted as spheres, colored in the corresponding color of the conformation or green, 
respectively. 
 

To overcome the distance limitations, the group of Prof. Dr. Thomas Prisner (Dr. 

Philipp Spindler, Goethe University, Frankfurt) was working on the optimization of 

the method. In order to increase the measurable distance, the 4-pulse sequence 

was changed to 7 pulses for PELDOR analysis. First attempts to study the three-

spin system BetP S140C are presented in the Section 7.8.6. To obtain reliable 

results, also larger intratrimeric changes as for BetP C252T/S516C should be 

studied by 7-pulse CP PELDOR.  

With the optimized method in hand, further investigations are required to 

elucidate the distribution of conformational states within the BetP trimer. 

Although longer distances might be measurable in future, it has to be considered, 

that there might be difficulties to differentiate between asymmetric trimers and a 

mixture auf symmetric trimers in different conformations. Here, the correlation 

between the short intraprotomeric and longer interprotomeric distances in the six-

spin system of BetP might provide further insights, however, demonstrating a 

challenging task. 

 

 

5.2.2 Investigation of alternating access in BetP by PELDOR 

So far, the transport mechanism of BetP was solely predicted by static snapshots 

of crystal structures in different states, which were interpreted as distinct 

conformations of the alternating access cycle. On the basis of the three major 

conformations: outward open – closed – inward open – the mechanism was 

described as a hybrid of rigid body movements and individual flexing of symmetry-

related helices (Perez et al., 2012) (Figure 5.38). 
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Figure 5.38: Model of the alternating access mechanism of BetP. 
Sequence of opening and closure of the gating main chains of BetP underlying the 
alternating access mechanism. From left to right, schematic drawings of the outward 
open, fully occluded and inward open conformation. Arrows indicate the closing of the 
periplasmic gates, TM7 and TM12, after substrate and ion binding, as well as the 
opening of the cytoplasmic gate between TM3 and TM8. Betaine is shown in black, blue 
and red, sodium ions in purple (adapted from Perez et al., 2012). 
 

Based on the crystal structures, rigid body movements of the scaffold motif 

(TM5/6 and TM10/11) relative to the 4-helix bundle (TM3/4 and TM8/9) were 

indicated. Thereby, the scaffold tilts 13° away from an axis running through the 

centre of BetP normal to the plane of the membrane (Perez et al., 2012). 

Additional gating-like movements were observed for TM3 and TM8 at the 

cytoplasmic side and TM12 at the periplasmic side of BetP.  

In comparison, the conformational rearrangements in the crystal structures of 

BetP were less pronounced as for other LeuT-fold transporters (Krishnamurthy 

and Gouaux, 2012; Shimamura et al., 2010). It was suggested that the restricted 

movements are related to its exclusive specificity to betaine. However, more 

pronounced movements of BetP in a more native environment could not be ruled 

out (Perez et al., 2012).  

In the present work, additional insights into the conformational changes of BetP 

were provided by PELDOR in a more native environment. At the cytoplasmic side 

of BetP, a conformational change by a distance shift between the first helix of the 

4-helix bundle, TM3 (S140C), and TM11 (K489C) was demonstrated in detergent 

(Figure 5.15). In particular, to the main distance at 2.3 nm, a second 0.7 nm 

longer peak appeared upon activation. The comparison between inward and 

outward open crystal structures predicted a spring-like movement of 0.5 nm and 

a tilt of ~13°in TM3 being responsible for the opening of the cytoplasmic pathway 
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to release the substrate (Figure 5.39) (Perez et al., 2012). The question remains 

open, why for residue K489C the distance change can be observed but not for 

neighbouring N488C and W490C (Figure 5.13 and Figure 5.18). As a control, 

BetP S140C/C252T/T467A/S468A/K489C, which is transport impaired, does not 

show any change in distances exhibiting only a single peak. Therefore, we can be 

confident that the changes in S140C/K489C are functionally significant, while  

the adjacent positions, N488 and W490, are less suitable for labeling for 

PELDOR.   

In summary, we conclude that upon activation, PELDOR reports a shift at the 

cytoplasmic side, which would correspond according to the crystal structures to 

the transition from outward/closed to inward open state. The absence of 

differences for the three-spin system S140C/C252T at both conditions support 

that changes at the cytoplasmic side measured by PELDOR and changes derived 

from the crystal structure are in the same order of magnitude (Figure 5.9). This is 

quite different to what was reported for LeuT. In the inward open X-ray structure of 

LeuT from A. aeolicus, the first helix in the 4-helix bundle TM1, corresponding to 

BetP TM3, was characterized by a pronounced displacement of 1.2 nm and a tilt 

of 45°(Figure 5.39) (Krishnamurthy and Gouaux, 2012). Interestingly, this huge 

movement could not be observed in PELDOR measurements for LeuT TM1 and 

TM9 (BetP TM11), which are directly comparable to the studied spin labeling sites 

in BetP (Figure 5.39 and Figure 5.40 A) (Kazmier et al., 2014b). Although no 

distance change was detected for TM1 and TM9 with a single peak at 4 nm for all 

conditions, the broad distance distribution was assigned to the flexibility of TM1 

(Figure 5.40 A). Moreover, the distance distribution between TM1 and TM9 for 

LeuT, which additionally was substituted with Y268A as for the crystallization 

mutant resulting in the inward facing conformation, revealed conformations which 

are not sampled in the WT background (Figure 5.40 A) (Kazmier et al., 2014b).  

 

Another example for some discrepancies between crystal structure and PELDOR 

distances is the conformational change in the Na+/hydantoin transporter Mhp1 

from Microbacterium liquefaciens. A transition between different states at the 

comparable site, namely TM1 (F30C) and TM9 (T338C), was demonstrated for the 

Mhp1 by PELDOR (Figure 5.40 B) (Kazmier et al., 2014a). Here, a distance 

change of about 1 nm toward shorter distances was observed and interpreted as 
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isomerization into the outward facing state, although the hinge-like movement of 

TM1 was not reported in the inward open conformation of Mhp1 in the crystal 

structure (Figure 5.39 and Figure 5.40 B) (Kazmier et al., 2014a; Shimamura et 

al., 2010). Subsequently, the distance change might result from rearrangements 

of TM9, not TM1 (Figure 5.39). Particularly, the predicted Cα – Cα distances of 

3.75 nm for the inward open and 3.06 nm for the outward open state (ΔCi/Ce: 

0.69 nm) (Table 5.7) of Mhp1 revealed peaks within the experimental distance 

distribution at ~5 nm and ~4 nm (Figure 5.40 B).  

Compared to that, the Cα – Cα distance of 2.25 nm and 2.76 nm for the inward 

open and outward open X-ray structure of BetP (ΔCi/Ce: 0.5 nm), respectively, 

resulted in peaks at 2.3 nm and 3 nm (Δ: 0.7 nm). The smaller change (1 nm vs. 

0.7 nm) in the distance distribution is in agreement with the for BetP predicted 

less pronounced movements at this site. 

 
                       BetP                                            LeuT                                            Mhp1 

 
Figure 5.39: Superimposition of crystal structures in the inward open and outward open 
conformation of LeuT-fold transporters with cytoplasmic view. 
Upper row, side views of the overlays of the outward open (blue) and inward open (gray) 
crystal structures are presented, from left to right, for BetP from C. glutamicum, LeuT 
from A. aeolicus and Mhp1 from M. liquefaciens. Lower row, the cytoplasmic views are 
displayed for the superimposed structures. Investigated labeling sites are indicated with 
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TM domain and with the corresponding residue. The Cα-atoms of the residues are 
depicted as spheres. The outward open state is represented by BetP PDB 4DOJ, chain B; 
LeuT PDB 3TT1 and Mhp1 PDB 2JLN, whereas the inward open conformation is 
illustrated by BetP PDB 4C7R, chain A; LeuT PDB 3TT3 and Mhp1 PDB 2X79. 
 
Table 5.7: Cα – Cα distances between outward and inward open conformation for BetP, 
LeuT and Mhp1 

 Ce Ci 
BetP TM3(S140C) – TM11(K489C) 2.25 nm 2.76 nm 

LeuT TM1(L12C) – TM9(H377C) 2.85 nm 4.31 nm 
Mhp1 TM1(F30C) – TM9(T388C) 3.06 nm 3.75 nm 

BetP Ce: PDB 4DOJ, chain B; BetP Ci: PDB 4C7R, chain A ; LeuT Ce: PDB 3TT1; LeuT Ci: PDB 3TT3; 
Mhp1 Ce: PDB 2JLN, Mhp1 Ci: PDB 2X79 

 

                                              A 

 
                 B                                                   C 

 
Figure 5.40: Experimental distance distribution of LeuT and Mhp1. 
Distance distributions obtained by PELDOR for the cytoplasmic side for LeuT (A) and 
Mhp1 (B) as well as the periplasmic side for Mhp1 (C). For LeuT, the distance distribution 
is indicated additionally for LeuT Y268A (right). PELDOR measurements for each pair 
were performed in the apo (black), Na+-bound (Na+, blue) and Na+- and substrate-bound 
(Na+/Leu or Na+/BH, red) conditions. As substrate either leucine (Leu) or benzyl-
hydantoin (BH) was applied (adapted from Kazmier et al., 2014a, Kazmier et al., 2014b). 
 

At the periplasmic side for BetP C252T/G450C/A514C, C252T/G450C/L515C 

and C252T/G450C/S516C, movements of TM10 relative to TM12 were 

monitored by PELDOR (Figure 5.20, Figure 5.23, Figure 5.25). In BetP, TM12 is 
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believed to undergo a gating-like movement of 5.7 Å and a tilt of 41° to the 

membrane normal, which is required for the opening or closure of the periplasmic 

pathway (Figure 5.41) (Perez et al., 2012). For BetP C252T/G450C/L515C and 

C252T/G450C/S516C upon activation, shorter distance peaks appear (Figure 

5.23 and Figure 5.25). Simulations by the rotamer library for 

C252T/G450C/L515C indicated shorter distances for the inward open crystal 

structures (Figure 5.24). The longer distance corresponding to the outward open 

conformation might overlay with interprotomeric distances, which were not 

sufficiently separated from the intraprotomeric distances by background 

correction of the PELDOR spectra. It can be assumed, that the opening movement 

of TM10 and TM12 might be more pronounced than anticipated from the crystal 

structure. Although the same trend was observed for the distance distribution of 

C252T/G450C/S516C, simulations were not conclusive. Additionally, 

experimental distances for BetP C252T/G450C/A514C showed the opposite 

trend, which make interpretation at this point difficult (Figure 5.20). For LeuT, 

alternative EPR methods, namely spin label mobility and NiEDDA accessibility 

measurements, for the corresponding site in TM10 (BetP TM12) with N397C, 

L400C, D404C and F405C at the periplasmic side implied as well structural 

rearrangements, too, although no larger conformational change was observed in 

the X-ray structures (Figure 5.41) (Claxton et al., 2010). Therefore, the result was 

related to the movement captured by the crystal structure of Mhp1 (Figure 5.41) 

(Claxton et al., 2010). Interestingly, PELDOR distance measurements between 

TM10 (F362C) in conjunction with TM2 (V63C) or TM7 (V278C) instead of TM8 

(TM10 BetP) in Mhp1 did not report respective changes (Figure 5.40 C) (Kazmier 

et al., 2014a).  
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                             BetP                                      LeuT                                        Mhp1 

 
Figure 5.41: Superimposition of crystal structures in the inward open and outward open 
conformation of LeuT-fold transporters with periplasmic view. 
Upper row, side views of the overlays of the outward open (blue) and inward open (gray) 
crystal structures are presented, from left to right, for BetP from C. glutamicum, LeuT 
from A. aeolicus and Mhp1 from M. liquefaciens. Lower row, the periplasmic views are 
displayed for the superimposed structures. Investigated labeling sites are indicated with 
TM domain and with the corresponding residue. The Cα-atoms of the residues are 
depicted as spheres. The outward open state is represented by BetP PDB 4DOJ, chain B; 
LeuT PDB 3TT1 and Mhp1 PDB 2JLN, whereas the inward open conformation is 
illustrated by BetP PDB 4C7R, chain A; LeuT PDB 3TT3 and Mhp1 PDB 2X79. 
 

In summary, beside common features, also significant differences to the crystal 

structures were found for LeuT and Mhp1, respectively. The data on LeuT were 

interpreted in a way that already the presence of Na+ without substrate favors the 

outward facing conformation, whereas for Mhp1 only binding of Na+ together with 

the substrate is leading to a shift towards the outward open conformation 

(Kazmier et al., 2014a, Kazmier et al., 2014b). In contrast to BetP, which was 

investigated at inactive (Na+) and active conditions (Na+/K+/betaine), Mhp1 and 

LeuT were studied in the apo condition as well as in presence of Na+ and 

Na+/substrate (Figure 5.40). Furthermore, observed multicomponent distributions 

imply for both transporters being in equilibrium between multiple states. This is 

consistent with the bimodal distance distribution obtained for the cytoplasmic 

BetP variant upon activation. The simulated data of BetP for the different crystal 
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structures do not allow at the moment a precise assignment of the obtained 

distance distribution to distinct conformations of BetP. The simulated distance 

distributions are strongly affected by the low rotamer numbers, which were 

predicted by the rotamer library in the software MMM2015.1 (Polyhach and 

Jeschke, 2010). As a result, the used outward open crystal structures (PDB 4DOJ, 

chain B; PDB 4LLH chain A and B) do not show similar trends in the computed 

distance distributions. Especially, the outward open conformation of PDB 4DOJ is 

not suitable for simulations by either the standard rotamer library R1A_175K or 

R1A_298K as well as for R1A_298K_xray due to low rotamer numbers (Table 

7.4). Furthermore, it has to be kept in mind that all outward open structures were 

only obtained for the crystallization mutant of BetP with the additional mutation 

G153D in the glycine stretch. This substitution enabled the transport of choline in 

a Na+- as well as H+-coupled mechanism. However, Na+-coupled betaine transport 

is still maintained, which is a strong argument for a WT like outward open 

conformation in this mutant.  

In particular, the classification of the transition of BetP S140C/C252T/K489C is 

difficult. With respect to the Cα – Cα distances, the splitting of the main peak into 

a second longer distance peak might indicate the transition from outward to 

inward facing state upon activation. The observed shorter distances for BetP 

C252T/G450C/L515C and BetP C252T/G450C/S516C upon activation, which 

base on the Cα – Cα distances correspond as well to the inward open 

conformation (Table 5.4). In contrast, the simulation for S140C/C252T/K489C 

supposes the change from inward to outward open, which again is corresponding 

to the simulation of periplasmic site for BetP C252T/G450C/A514C. For Mhp1 

and LeuT, the distance distributions were more consistent with simulations. In 

both cases, additional MD simulations with attached dummy nitroxide spin labels 

were carried out (Kazmier et al., 2014a; Kazmier et al., 2014b). Consequently, 

subsequent MD simulations for BetP might enable the reliable classification of 

the experimental distance distribution and are already on going in the group of Dr. 

Lucy Forrest (National Institute of Neurological Disorders and Stroke, Rockville, 

MD, USA). Nevertheless, the experimental distance distributions in detergent 

indicated conformational changes at sites, which were predicted to move based 

on the crystal structures of BetP. Differences to the other LeuT-fold transporters 

have to be considered in the light of the osmoregulatory function of BetP. Further 
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insights to the conformational changes were obtained by distance measurements 

for selected sites reconstituted into liposomes. Consistent with the data in 

detergent, no conformational change was observed for BetP S140C/C252T/ 

N488C and W490C, but a shifting broad distance distribution was identified for 

S140C/C252T/K489C (Figure 5.29, Figure 5.30 and Figure 5.32). Broad 

distances already at inactive conditions might suggest increased flexibilities 

between the labeling sites in TM3 and TM11 already upon reconstitution. The 

betaine transport deficient mutant as well shows a very broad distance 

distribution, which did not further alter upon activation, indicating the influence of 

the lipid bilayer, but not of the activating conditions (Figure 5.31). Additionally, as 

a common pattern, the distances revealed from proteoliposomes for cytoplasmic 

mutants, were characterized by longer distances compared to those obtained in 

detergent. This situation was not present for the experiments for the periplasmic 

side. The increased distances at the cytoplasmic side might be related to PG 

lipids, which are located in a cavity between the protomers at the trimeric 

interface (Koshy et al., 2013). Here, residue S140 of TM3 is in close proximity to 

this PG lipids and the residue itself or the spin label attached to the residue might 

interact with the lipids (Figure 5.42). Furthermore, a change in the distance 

between the protomers on the cytoplasmic side due to a change of the tilt angle 

of the protomers with respect to the membrane plane was identified for BetP in 

2D crystals (Tsai et al., 2011). Previous PELDOR studies suggested a rotation of 

15° of the individual protomers within the trimer based on the spin labeled C-

terminal domain (Nicklisch et al., 2012). However, it has to be noted that 

although the label efficiency for the proteoliposome measurements was 

comparable to that in detergent, due to the reconstitution procedure, less protein 

was present in these samples. Therefore, the observed shift at the cytoplasmic 

side might be at the border of the detection limit.   

At the periplasmic side, for BetP C252T/G450C/L515C and S516C in 

proteoliposomes upon activation (Figure 5.33 and Figure 5.34), short distance 

peaks can be compared directly to the detergent measurements (Figure 5.23 and 

Figure 5.25). The distance distribution of BetP C252T/G450C/L515C exhibits at 

inactive conditions already a short distance peak with a lower probability, which 

increases twice upon activation. In the case of BetP C252T/G450C/S516C, at 
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inactive conditions a broad distance distribution already containing short 

distances can be observed.  

 

 
Figure 5.42: BetP crystal structure with bound PG lipids. 
BetP trimer (PDB 4C7R) with bound PG lipids depicted as sticks in black. The Cα-atom of 
residue S140 in TM3 at the cytolasmic site is indicated as sphere. 
 

The experimental distributions in proteoliposomes were in general broader than in 

detergent, however, main distance distributions showed comparable patterns 

upon activation. In a more recent study, the physical nature of stimuli required for 

BetP activation was investigated in more detail (Maximov et al., 2014). Beside the 

relevant K+ stimulus, a second type of stimulus related to the physiological state 

of the membrane was identified. In particular, the second stimulus could be 

mimicked by the amphiphile tetracaine for BetP in cells, but not in proteo-

liposomes. Since the molecular activity of BetP in proteoliposomes in the 

presence of a sufficiently high internal K+ concentration is similar to that of fully 

activated BetP in cells, it was suggested that reconstituted BetP is already in a 

pre-activated state. As a possible reason for this, a different conformation of BetP 

upon integration into proteoliposomes as compared to the insertion into the 

plasma membrane of the cell was considered (Maximov et al., 2014).  In the 

present work, broad distance distributions as well as distances, which were 

detected upon activation of BetP in detergent, were already observed at inactive 

condition for BetP reconstituted into liposomes. Here, the data provided 

additional evidence that reconstituted BetP might be in a pre-activated state 

sampling multiple conformations. 
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With respect to the Cα – Cα distances of crystal structures, a preliminary model of 

the conformational changes of BetP can be suggested: (1) the outward 

open/closed conformation might be populated in presence of Na+, (2) upon 

addition of the activation trigger K+ and the substrate betaine, a conformational 

change to the inward facing conformation of BetP is favored. This is supported by 

the increase of the distance of the cytoplasmic side and the decrease of the 

distance at the periplasmic side. Whereas in scenario 1 the conformational 

rearrangment between the residues at the periplasmic side in the outward open 

conformation might be more pronounced than anticipated, the observed distance 

changes for the cytoplasmic side are in agreement with the less prounounced 

movement in the crystal structure. Additionally, reconstituted BetP might be in a 

pre-activated state already in absence of K+, which was indicated by multiple 

conformations. Further validation of this model by MD simulations is required. 
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6 Conclusions and Perspectives 

 

The results of this thesis provided first insights into the physiological role and 

regulation of pathogen-relevant choline transporters, Bet1 and BetT2 belonging to 

the BCCT family. Functional analysis of BetT1 identified a high affinity, but low 

capacity choline transporter that might function as an uniporter, adding a new 

mechanistic concept not only to the BCCT family but also to the LeuT-like fold 

transporters. On the contrary, BetT2 takes part in the bacterial osmostress 

response by the accumulation of choline, which is converted into the compatible 

solute betaine to counteract hyperosmotic stress. The ability to adapt to 

osmostress conditions might ensure the survival of Acinetobacter species on any 

surface. In particular, the colonization of pathogenic Acinetobacter on medical 

equipment represents a high risk factor. The determination of an atomic structure 

might help to identify alternative strategies to counteract this delirious pathogenic 

species. Heterologous expression as well as purification of BetT1 was successful. 

3D crystallization trials yielded crystals diffracting to 8 Å. Further optimizations by 

site-directed mutagenesis and the application of alternative crystallization 

methods, as HiLiDe (Gourdon et al., 2011), have to be adopted to improve 

diffraction. Atomic structures will not only have a clinical impact, but also will 

provide further insights into the coordination of choline in the BCCT family, either 

in a uniport mechanism for BetT1 or proton-coupled way for BetT2. Especially, it 

will shed light to the unique C-terminal domain of BetT2. Although the C-terminal 

domain of BCCTs was already associated with osmoregulatory function, the 

identified ATP-binding motif of BetT2 might represent an additional regulatory 

component.  

Our collaborators identified a coordinated interplay of choline uptake and betaine 

efflux depending on the osmotic condition. Choline accumulated by BetT1 at low 

osmotic conditions is excreted in the form of betaine. At high external osmolality, 

BetT2 derived choline is converted into betaine, which is in turn accumulated to 

counteract hyperosmotic stress. Further studies are required to identify the 

unknown betaine efflux system in Acinetobacter. Additionally, further functional 

analysis have to be performed to examine for a substrate:product antiport for 

BetT1 or the ability of BetT2 to export betaine at low osmotic conditions.  
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Moreover, in the framework of this thesis, the regulatory role of the N-terminal 

domain of BetP was investigated in detail. Our data imply a regulatory role of 

negatively charged clusters within the N-terminal domain. Functional analysis 

identified the cluster E24/E25 to be crucial for osmoregulation in the 

heterologous host E. coli, which comprises only 30 % of anionic lipids. Because 

increased amounts of negatively charged lipids, as it is present in C. glutamicum, 

can compensate for the lack of the N-terminal domain, lipids and the N-terminus 

were assumed to compete for the same interaction site in BetP. The C-terminal 

domain was considered as potential interaction partner, because of its orientation 

in the crystal structure as well as its binding affinities to membrane surfaces and 

N-terminal peptides (Ott et al., 2008). Cross-linking studies between the N- and C-

terminal domains revealed a potential interaction between these domains of 

adjacent protomers. Based on this work, a regulation mechanism emerged in 

which the C-terminal domain switches between interactions with the N-terminal 

domain of its own protomer to the N-terminal domain of an adjacent protomer. 

Further studies have to be performed to characterize the potential interaction in 

more detail. Because only the N-terminal truncated BetP protein resulted in well 

diffracting crystals, alternative crystallization approaches and the recently 

advanced electron microscopy based structural investigations might shed light to 

the structure of the N-terminal domain of the BetP wild type. Secondary structure 

predictions suggested two α-helical segments separated by a short loop region 

containing a proline. This prediction might point towards an intrinsic flexible N-

terminal domain.  

The competitive and associative interaction between terminal domains and 

negatively charged lipids is not only assumed for BetP, but comparable 

interactions are also proposed for other osmosensing uptake systems such as 

ProP and OpuA (Biemans-Oldehinkel et al., 2006; Mahmood et al., 2006; Tsatskis 

et al., 2005; Tsatskis et al., 2008). Although these transporters and terminal 

domains are not structurally related, common sensing and regulatory 

mechanisms involving protein-protein as well as protein-lipid interactions seem to 

be present in these transporters. In this context, the data obtained in this work, 

provide new insights into stress-regulation of membrane transport processes. 
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In the last part of this thesis, conformational changes within the BetP trimer were 

probed by PELDOR in combination with site-directed spin labeling to provide 

further insights into the oligomeric function of BetP at inactive and active 

conditions. Long intratrimeric distances between positions, which were predicted 

to undergo less pronounced movements as expected at the beginning of the 

project, exceeded the detection limit of 4-pulse PELDOR. Following a modification 

of the spin labeling strategy, a sophisticated multi-spin system of six spin labels 

within a trimer was developed. Shorter intraprotomeric distances could be 

successfully measured between two spin labeled residues in one protomer. This 

six-spin system enabled us to obtain a more dynamic picture of conformational 

changes within the BetP protomer. Thus, the conformational dynamics in BetP, 

solely predicted by crystal structures before, could be verified. In comparison to 

the transport mechanism of other LeuT-fold transporters, namely LeuT and Mhp1, 

the reported conformational changes from the inward to outward open 

conformation of BetP based on crystal structures, were substantially less 

pronounced. Distance measurements by PELDOR helped in measuring the extent 

of conformational changes in BetP and to test whether the transporter states 

observed in crystal structures occur physiologically or are restrained due to crystal 

contacts. The results of this thesis exemplarily verified conformational 

rearrangements at the periplasmic and cytoplasmic side of BetP solubilized in 

detergent and reconstituted into liposomes. Distance changes between TM10 

and TM12 can be related to the predicted gating-like movement of TM12 in the 

crystal structures. At the cytoplasmic side of BetP, between TM3 and TM11 

smaller distance shifts as compared to Mhp1 are consistent with the hinge-like 

movement of only ~5 Å in the BetP crystal structure. In order to classify the 

obtained distance distributions to precise conformations at inactive and active 

conditions, MD simulations are being performed in collaboration of the group of 

Dr. Lucy Forrest (National Institute of Neurological Disorders and Stroke, 

Rockville, MD, USA). This will provide the last puzzle piece for the interpretation of 

the obtained data. However, the small range distance changes correspond well to 

the restricted conformational rearrangements observed in the crystal structures. 

Based on this, it can be assumed that the restricted movements are related to 

BetP’s exclusive specificity to the osmolyte betaine. The compatible solute 

betaine is known to be excluded from the first hydration shell of a protein and 
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thereby promote the right folding of proteins. More hydrated substrate pathways 

due to more pronounced rearrangements might be disadvantageous for the 

efficient betaine transport in a micromolar affinity range of BetP. In agreement to 

this hypothesis, ionic networks were identified, which are restricting the flexibility 

by the linkage of bundle helices (Gärtner et al., 2011). Although BetP shares the 

LeuT-fold with other transporters, it can be suggested that differences in the 

transport mechanism have evolved in order to adapt to the requirements of the 

respective transporters regarding their substrate and function.  
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7 Appendix 

 

7.1 Members of the BCCT family 

Table 7.1: Functionally characterized members of the BCCT family 

BCCT 
(Ref.) Organism Substrate 

Driving 
force/ 

Direction 

Total 
No. 
(aa) 

N-term 
No. 
(aa) 

C-term 
No. 
(aa) 

Sequence 
identity to 
BetP (%) 

BetP 
(Peter et al., 1996) 

Corynebacterium 
glutamicum GB smf/sym 595 58 50 100 

OpuD 
(Kappes et al., 1996) Bacillus subtilis GB smf/sym 512 4 24 43 

BetL 
(Sleator et al., 1999) 

Listeria 
monocytogenes GB smf/sym 507 3 20 41 

BetH 
(Lu et al., 2004) 

Hallobacillus 
trueperi GB smf/sym 505 3 18 41 

BetT 
(Fan et al., 2003) 

Haemophilus  
influenzae Cho sym 669 6* 174* 39 

BetM 
(Vermeulen and Kunte, 

2004) 

Marinococcus 
halophilus GB smf/sym 493 3 7 38 

LcoP 
(Steger et al., 2004) 

Corynebacterium 
glutamicum E/GB smf/sym 630 43 96 37 

BetT3 
(Malek et al., 2011) 

Pseudomonas 
aeruginosa  Cho pmf/sym 661 12* 168* 37 

BetT1 
(Malek et al., 2011) 

Pseudomonas 
aeruginosa  Cho pmf/sym 516 1* 28* 36 

EctT 
(Kuhlmann et al., 2011) 

Virgibacillus 
pantothenticus E/HE smf/sym 501 7 14 36 

BetT3 
(Sand et al., 2011) 

Acinetobater 
baylyi GB smf/sym 660 11* 164* 35 

ButA 
(Baliarda et al., 2003) 

Tetragenococcus 
halophila GB smf/sym 539 34 15 33 

OpuD 
(Naughton et al., 2009) Vibrio cholera GB smf/sym 539 34 15 33 

EctM 
(Vermeulen and Kunte, 

2004) 

Marinococcus 
halophilus E/HE smf/sym 439 10 25 33 

BetT 
(Laloknam et al., 2006) 

Aphanothece 
halophytica GB smf/sym 564 36 38 32 

BetP 
(Naughton et al., 2009) 

Vibrio 
parahaemolyticus GB smf/sym 523 41 14 32 

BetU 
(Ly et al., 2004) Escherichia coli GB smf/sym 667 17 162 31 

BetS 
(Boscari et al., 2002) 

Sinorhizobium 
meliloti GB/PB smf/sym 706 52 167 31 

BetT 
(Chen and Beattie, 2008) 

Pseudomonas 
syringae Cho/Ac pmf/sym 667 14 160 30 

BetT 
(Lamark et al., 1991) Escherichia coli Cho pmf/sym 667 14 175 30 

CudT 
(Rosenstein et al., 1999) 

Staphylococcus 
xylosus Cho pmf/sym 540 7 36 30 

BetT1 
(Sand et al., 2014) 

Acinetobater 
baylyi Cho uni 526 18* 23* 30 
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Ac: acetylcholine; C: carnitine; Cho: choline; DMPS: dimethylsulfoniopropiate; E: ectoine; γ-BB: γ-
butyrobetaine; GB: glycine betaine; HE: hydroxyectoine; P: proline; PB: proline betaine; smf: 
sodium motive force; pmf: proton motive force; sym: symport; anti: substrate:product antiport 
*lengths of the N-terminal and C-terminal domains were predicted by TMHMM 
(www.cbs.dtu.dk/services/TMHMM-2.0/) 

 

 

7.2 Sequence alignment of BetP, OpuD, BetT, EctT, LcoP and CaiT 

Amino acid sequence of the BCC transporters BetP and LcoP from 

Corynebacterium glutamicum, OpuD from Bacillus subtilis, EctT from Virgibacillus 

pantothenticus and Escherichia coli BetT were aligned using ESPript (Robert and 

Gouet, 2014). 

 

 
 

BCCT 
(Ref.) Organism Substrate 

Driving 
force/ 

Direction 

Total 
No. 
(aa) 

N-term 
No. 
(aa) 

C-term 
No. 
(aa) 

Sequence 
identity to 
BetP (%) 

EctP 
(Weinand et al., 2007) 

Corynebacterium 
glutamicum E/P/GB smf/sym 615 21 102 29 

BetT2 
(Sand et al., 2014) 

Acinetobater 
baylyi Cho pmf/sym 686 19* 177* 28 

DddT 
(Todd et al., 2010) Psychrobacter sp. GB/DMSP smf/sym 550 25 17 28 

CaiT 
(Eichler et al., 1994) Escherichia coli C/γ-BB anti 504 10 5 25 

PmCaiT 
(Schulze et al., 2010) Proteus mirabilis C/γ-BB anti 514 15 10 25 
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Figure 7.1: Amino acid sequence alignment of BetP, OpuD, BetT, EctT, LcoP and CaiT. 
The sequences of B. subtilis OpuD, E. coli BetT and CaiT and V. pantothenticus EctT and 
C. glutamicum LcoP were aligned against BetP from C. glutamicum. 
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7.3 Sequence alignment of BetP, BetT and A.b.BetT1 – 3 

Amino acid sequence of BetP from C. glutamicum, BetT from E. coli and BetT1 – 3 

from Acinetobacter baylyi were aligned using ESPript (Robert and Gouet, 2014). 
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Figure 7.2: Amino acid sequence alignment of BetP, BetT3, BetT, BetT2 and BetT1. 
The sequences of A. baylyi BetT1 – 3 and E. coli BetT were aligned against BetP from C. 
glutamicum. 
 

 

7.4 Sequence alignment of BetP, BetT, A.b.BetT1 -3 and P.a.BetT1 – 

3 

Amino acid sequence of BetP from C. glutamicum, BetT from E. coli, BetT1 – 3 

from A. baylyi and BetT1 – 3 from Pseudomonas aeruginosa were aligned in 

ESPript (Robert and Gouet, 2014). 
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Figure 7.3: Amino acid sequence alignment of BetP, BetT, A.b.BetT1 - 3 and P.a.BetT1 - 
3. 
The sequences of E. coli BetT, A. baylyi BetT1 – 3 and P. aeruginosa BetT1 - 3 were 
aligned against BetP from C. glutamicum. 
 

 

7.5 Nucleotide sequence alignment of BetT2 from Acinetobacter 

baylyi 

The 2061 bp long betT2 gene fragment was cloned into the pBAD/HisA vector 

using the restriction endonucleases SacI and EcoRI. The success of cloning was 

confirmed by sequencing with the corresponding pBAD forward and pBAD reverse 
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primer. 
 

for             CTGCAGCTTTTTATCGCAACTCTCTACTGTTTCTCCATACCCGTTTTTTGGGCTAACAGG 60 

BetT2           ------------------------------------------------------------ 

                                                                             

for             AGGAATTAACCATGGGGGGTTCTCATCATCATCATCATCATGGTATGGCTAGCATGACTG 120 

BetT2           ------------------------------------------------------------ 

                                                                             

for             GTGGACAGCAAATGGGTCGGGATCTGTACGACGATGACGATAAGGATCGATGGGGATCCG 180 

BetT2           ------------------------------------------------------------                                                                          

                SacI     

for             AGCTCTGTATGGCAACAGATAATCCAAGAGCAGTTGATGATCAAGAGACTCATCCAAAAG 240 

BetT2           --------ATGGCAACAGATAATCCAAGAGCAGTTGATGATCAAGAGACTCATCCAAAAG 52 

                        **************************************************** 

for             ATCGTTTAAATCGTGTGGTCTTTTATGTTTCTGCCCTTATTATTTTAATATTTTCACTCA 300 

BetT2           ATCGTTTAAATCGTGTGGTCTTTTATGTTTCTGCCCTTATTATTTTAATATTTTCACTCA 112 

                ************************************************************ 

for             CCACGATTTTATTTAATGATTTTGCTAATCGTGCATTAAATCAAGTACTGGATTGGGTCA 360 

BetT2           CCACGATTTTATTTAATGATTTTGCTAATCGTGCATTAAATCAAGTACTGGATTGGGTCA 172 

                ************************************************************ 

for             GCTCTACCTTTAGCTGGTACTACTTGTTGGCAGCCACCTTATATATGGTGTTTGTCATTT 420 

BetT2           GCTCTACCTTTAGCTGGTACTACTTGTTGGCAGCCACCTTATATATGGTGTTTGTCATTT 232 

                ************************************************************ 

for             TTATTGCCTGCTCTCGTTATGGCAATATCAAGCTAGGACCCAAACACTCGAAGCCTGAGT 480 

BetT2           TTATTGCCTGCTCTCGTTATGGCAATATCAAGCTAGGACCCAAACACTCGAAGCCTGAGT 292 

                ************************************************************ 

for             TTAGTCTGTTAAGCTGGTCGGCCATGCTCTTTTCGGCAGGGATCGGCATTGATTTGATGT 540 

BetT2           TTAGTCTGTTAAGCTGGTCGGCCATGCTCTTTTCGGCAGGGATCGGCATTGATTTGATGT 352 

                ************************************************************ 

for             TCTTCTCGGTGGCAGAGCCGTTATCGCATTATATGCATCCGCCAGTGGGTGAGGGACAGA 600 

BetT2           TCTTCTCGGTGGCAGAGCCGTTATCGCATTATATGCATCCGCCAGTGGGTGAGGGACAGA 412 

                ************************************************************ 

for             CTTATGAAGCTGCGCGTCAGGGCATGGTCTGGACACTATTTCACTATGGACTGACAGGCT 660 

BetT2           CTTATGAAGCTGCGCGTCAGGGCATGGTCTGGACACTATTTCACTATGGACTGACAGGCT 472 

                ************************************************************ 

for             GGTGTATGTATGCCTTGATTGGTATGGCACTGGGTTATTTTAGTTATCGTTATAATTTAC 720 

BetT2           GGTGTATGTATGCCTTGATTGGTATGGCACTGGGTTATTTTAGTTATCGTTATAATTTAC 532 

                ************************************************************ 

for             CACTCACGATCCGCTCTGCCTTGTATCCAATTTTTGGTAAGAAAATTAATGGCCCGATTG 780 

BetT2           CACTCACGATCCGCTCTGCCTTGTATCCAATTTTTGGTAAGAAAATTAATGGCCCGATTG 592 

                ************************************************************ 

for             GACATAGTGTGGATACTGCTGCCGTCATCGGAACAATTTTTGGTATTGCGACGACTTGCG 840 

BetT2           GACATAGTGTGGATACTGCTGCCGTCATCGGAACAATTTTTGGTATTGCGACGACTTGCG 652 

                ************************************************************ 
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for             GTATTGGTGTCGTACAACTGAATTATGGACTACACGTTT--------------------- 879 

BetT2           GTATTGGTGTCGTACAACTGAATTATGGACTACACGTTTTATTCGATTTACCTGAAAATT 712 

                ***************************************                      

                ------------------------------------------------------------ 

BetT2           TATGGGTTCAAACTGCCCTCATTTTGGTTGCCGTCATTATTACCATTATTTCTGTGACTT 772 

 

                ------------------------------------------------------------ 

BetT2           CAGGTGTCAATAAAGGTTTACGGATTTTGTCTGAGGTTAACATTTATGTTTCTGTTGGCC 832 

                                                                             

                ------------------------------------------------------------ 

BetT2           TGATGCTGTTTATTTTATTTTTGGGCAATACCGAGTTTTTACTCAATGCACTTGTTCAAA 892 

                                                                             

                ------------------------------------------------------------ 

BetT2           ACGTGGGAGATTATCTAAGCCGTTTTCCAAGTCTGGCGCTAGAAAGTTTTGCTTTTGATC 952 

                                                                             

                ------------------------------------------------------------ 

BetT2           AACCGAAAGAATGGATGAATAGTTGGACGCTGTTTTTCTGGGCATGGTGGGTGGCGTGGT 1012 

                                                                             

                ------------------------------------------------------------ 

BetT2           CTCCATTTGTGGGGCTGTTTCTTGCACGTATTTCACGTGGACGTACCATTCGTGAGTTTG 1072 

                                                                             

rev             ---------------------------------------CCTGGCTCTCCATTTTTGGAA 21 

BetT2           TATCTGGGACCTTGATTATTCCGTTGCTGTTTACCTTAACCTGGCTCTCCATTTTTGGAA 1132 

                                                       ********************* 

rev             ATAGTGCGCTACACAATGTCATCTTTGATGGCAATATTGCACTTGCTGAAACAGTCCTTT 81 

BetT2           ATAGTGCGCTACACAATGTCATCTTTGATGGCAATATTGCACTTGCTGAAACAGTCCTTT 1192 

                ************************************************************ 

rev             CCAATCCTGCACATGGTTTTTACGATTTACTGGCACAATACCCATGGTTTCCATTTATTG 141 

BetT2           CCAATCCTGCACATGGTTTTTACGATTTACTGGCACAATACCCATGGTTTCCATTTATTG 1252 

                ************************************************************ 

rev             CGGGCGTGGCAACCATTACAGGATTACTGTTTTATGTGACTTCGGCAGATTCTGGTGCAT 201 

BetT2           CGGGCGTGGCAACCATTACAGGATTACTGTTTTATGTGACTTCGGCAGATTCTGGTGCAT 1312 

                ************************************************************ 

rev             TGGTTCTGGGTAACTTCACCACACAATTTACCAATATTGATCACGATGCGCCGCGCTGGC 261 

BetT2           TGGTTCTGGGTAACTTCACCACACAATTTACCAATATTGATCACGATGCGCCGCGCTGGC 1372 

                ************************************************************ 

rev             TGAGTGTGTTTTGGGCAGTGGCGATTGGTTTATTGACCTTGGCTATGCTGATGACCAATG 321 

BetT2           TGAGTGTGTTTTGGGCAGTGGCGATTGGTTTATTGACCTTGGCTATGCTGATGACCAATG 1432 

                ************************************************************ 

rev             GAATTACTGCACTGCAAAATGCCACCATCATCATGGGGTTACCGTTTAGTTTCGTGATGT 381 

BetT2           GAATTACTGCACTGCAAAATGCCACCATCATCATGGGGTTACCGTTTAGTTTCGTGATGT 1492 

                ************************************************************ 

rev             TTCTGGTGATGGCAGGTCTGTATAAATCCTTGCGGCTTGAAGATTATCGACAGGCCAGCG 441 

BetT2           TTCTGGTGATGGCAGGTCTGTATAAATCCTTGCGGCTTGAAGATTATCGACAGGCCAGCG 1552 

                ************************************************************ 

rev             CCAGTTTAAATGCTGCTCCAGTAGTGGGTAATGTCGATATTCTGAACTGGAAAAAGCGCT 501 

BetT2           CCAGTTTAAATGCTGCTCCAGTAGTGGGTAATGTCGATATTCTGAACTGGAAAAAGCGCT 1612 
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                ************************************************************ 

rev             TAACGCGTGTGATGCATCATCCTGGAACGTTTGAAACCAAACGCATGCTCAATGAAATCT 561 

BetT2           TAACGCGTGTGATGCATCATCCTGGAACGTTTGAAACCAAACGCATGCTCAATGAAATCT 1672 

                ************************************************************ 

rev             GTCGTCCCGCTGTACATGCAGTTGCAGAGGAGTTACAAAAACGCGCGGTACAAGTGGATG 621 

BetT2           GTCGTCCCGCTGTACATGCAGTTGCAGAGGAGTTACAAAAACGCGCGGTACAAGTGGATG 1732 

                ************************************************************ 

rev             TACTTGAAGTGCCACTTGAAGAAGATGAAGAACTTTACCATTTGGATATTACGATCCATT 681 

BetT2           TACTTGAAGTGCCACTTGAAGAAGATGAAGAACTTTACCATTTGGATATTACGATCCATT 1792 

                ************************************************************ 

rev             TGGAAGAAGAGCAAAACTTTATCTATCAGATCTGGCCTGTCCGTTATATTGCACCCAATT 741 

BetT2           TGGAAGAAGAGCAAAACTTTATCTATCAGATCTGGCCTGTCCGTTATATTGCACCCAATT 1852 

                ************************************************************ 

rev             TTAGTGAGCGAGGCAAGCGAGGCAAGCAGTTTTACTATCGTCTGGAAACCTATCTTTATG 801 

BetT2           TTAGTGAGCGAGGCAAGCGAGGCAAGCAGTTTTACTATCGTCTGGAAACCTATCTTTATG 1912 

                ************************************************************ 

rev             AAGGTTCGCAAGGCAATGACCTTGTGGGTTATACCAAAGAGCAGGTGATCAACGATATTT 861 

BetT2           AAGGTTCGCAAGGCAATGACCTTGTGGGTTATACCAAAGAGCAGGTGATCAACGATATTT 1972 

                ************************************************************ 

rev             TAGATCGCTATGAACGCCACATGACCTTCTTACATATTAATCGTATTAGTCCGGGTAATC 921 

BetT2           TAGATCGCTATGAACGCCACATGACCTTCTTACATATTAATCGTATTAGTCCGGGTAATC 2032 

                ************************************************************ 

                                               EcoRI 

rev             GCCCGCTATTTCCAGATCCTAAAGCCTAGGGAATTCGAAGCTTGGCTG 969 

BetT2           GCCCGCTATTTCCAGATCCTAAAGCCTAG------------------- 2061 

                *****************************   

Figure 7.4: Sequencing result of the betT2 gene cloned into pBAD/HisA vector. 
The betT2 gene sequence (blue letters) was aligned against the results after sequencing 
for the forward (for) and reverse (rev) pBAD primers. Within the sequence of the forward 
primer can be found the -10 promoter region and ribosome-binding site, which are 
highlighted in gray and green, respectively. The translations initiation codon of the 
pBAD/HisA vector is highlighted in pink, whereas the N-terminal polyhistidine region is 
shown in yellow. The recognition sites for the endonucleases are colored red and labeled 
with the corresponding name of the endonuclease. The sequence identity between the 
primer and gen sequence is depicted by stars. 
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7.6 Crystallization screens 

Table 7.2: 96-well crystallization screen ''DDM'' for A. baylyi BetT1 
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  4000	
  

22	
  %	
  Glycerol 

0.1	
  M	
  M	
  MgCl2	
  

0.1	
  M	
  Tris	
  pH	
  7.5	
  

19.5	
  %	
  PEG	
  400 

0.1	
  M	
  NaCl	
  

0.04	
  M	
  Tris	
  pH	
  8	
  

24.5	
  %	
  PEG	
  350	
  

0.02	
  M	
  bis	
  Tris	
  pH	
  7	
  

12.5	
  %	
  PEG	
  2000	
  

0.05	
  M	
  Mg(CH3COO)2	
  

0.05	
  M	
  CH3COONa	
  	
  pH	
  5.4	
  

21.5	
  %	
  PEG	
  400	
  

0.1	
  M	
  NaCl	
  

0.05	
  M	
  Glycine	
  pH	
  9.5	
  

30.5	
  %	
  PEG	
  300	
  

2	
  

0.1	
  M	
  (NH4)2SO4	
  

0.1	
  M	
  HEPES	
  pH	
  7.5	
  

10	
  %	
  PEG	
  4000	
  

22	
  %	
  Glycerol	
  

0.1	
  M	
  MgCl2	
  

0.1	
  M	
  Tris	
  pH	
  7.5	
  

20	
  %	
  PEG	
  400	
  

0.1	
  M	
  NaCl	
  

0.04	
  M	
  Tris	
  pH	
  8	
  

25	
  %	
  PEG	
  350	
  

0.02	
  M	
  bis	
  Tris	
  pH	
  7	
  

13	
  %	
  PEG	
  2000	
  

0.05	
  M	
  Mg(CH3COO)2	
  

0.05	
  M	
  CH3COONa	
  	
  pH	
  5.4	
  

22	
  %	
  PEG	
  400	
  

0.1	
  M	
  NaCl	
  

0.05	
  M	
  Glycine	
  pH	
  9.5	
  

31	
  %	
  PEG	
  300	
  

3	
  

0.1	
  M	
  (NH4)2SO4	
  

0.1	
  M	
  HEPES	
  pH	
  7.5	
  

11	
  %	
  PEG	
  4000	
  

22	
  %	
  Glycerol	
  

0.1	
  M	
  MgCl2	
  

0.1	
  M	
  Tris	
  pH	
  7.5	
  

20.5	
  %	
  PEG	
  400	
  

0.1	
  M	
  NaCl	
  

0.04	
  M	
  Tris	
  pH	
  8	
  

25.5	
  %	
  PEG	
  350	
  

0.02	
  M	
  bis	
  Tris	
  pH	
  7	
  

13.5	
  %	
  PEG	
  2000	
  

	
  

0.05	
  M	
  Mg(CH3COO)2	
  

0.05	
  M	
  CH3COONa	
  	
  pH	
  5.4	
  

22.5	
  %	
  PEG	
  400	
  

0.1	
  M	
  NaCl	
  

0.05	
  M	
  Glycine	
  pH	
  9.5	
  

31.5	
  %	
  PEG	
  300	
  

4	
  

0.1	
  M	
  (NH4)2SO4	
  

0.1	
  M	
  HEPES	
  pH	
  7.5	
  

13	
  %	
  PEG	
  4000	
  

22	
  %	
  Glycerol	
  

0.1	
  M	
  MgCl2l	
  

0.1	
  M	
  Tris	
  pH	
  7.5	
  

21	
  %	
  PEG	
  400 

0.1	
  M	
  NaCl	
  

0.04	
  M	
  Tris	
  pH	
  8	
  

26.5	
  %	
  PEG	
  350	
  

0.02	
  M	
  bis	
  Tris	
  pH	
  7	
  

14	
  %	
  PEG	
  2000	
  

0.05	
  M	
  Mg(CH3COO)2	
  

0.05	
  M	
  CH3COONa	
  	
  pH	
  5.4	
  

23	
  %	
  PEG	
  400	
  

0.1	
  M	
  NaCl	
  

0.05	
  M	
  Glycine	
  pH	
  9.5	
  

32	
  %	
  PEG	
  300	
  

5	
  

0.1	
  M	
  (NH4)2SO4	
  

0.1	
  M	
  HEPES	
  pH	
  7.5	
  

14	
  %	
  PEG	
  4000	
  

22	
  %	
  Glycerol	
  

0.1	
  M	
  MgCl2	
  

0.1	
  M	
  Tris	
  pH	
  7.5	
  

21.5	
  %	
  PEG	
  400	
  

0.1	
  M	
  NaCl	
  

0.04	
  M	
  Tris	
  pH	
  8	
  

26.5	
  %	
  PEG	
  350	
  

0.02	
  M	
  bis	
  Tris	
  pH	
  7	
  

14.5	
  %	
  PEG	
  2000	
  

0.05	
  M	
  Mg(CH3COO)2	
  

0.05	
  M	
  CH3COONa	
  	
  pH	
  5.4	
  

23.5	
  %	
  PEG	
  400	
  

0.1	
  M	
  NaCl	
  

0.05	
  M	
  Glycine	
  pH	
  9.5	
  

32.5	
  %	
  PEG	
  300	
  

	
  

6	
  

0.1	
  M	
  (NH4)2SO4	
  

0.1	
  M	
  HEPES	
  pH	
  7.5	
  

12	
  %	
  PEG	
  4000	
  

22	
  %	
  Glycerol	
  

0.1	
  M	
  MgCl2	
  

0.1	
  M	
  Tris	
  pH	
  7.5	
  

22	
  %	
  PEG	
  400	
  

0.1	
  M	
  NaCl	
  

0.04	
  M	
  Tris	
  pH	
  8	
  

27	
  %	
  PEG	
  350	
  

0.02	
  M	
  bis	
  Tris	
  pH	
  7	
  

15	
  %	
  PEG	
  2000	
  

0.05	
  M	
  Mg(CH3COO)2	
  

0.05	
  M	
  CH3COONa	
  	
  pH	
  5.4	
  

24	
  %	
  PEG	
  400	
  

0.1	
  M	
  NaCl	
  

0.05	
  M	
  Glycine	
  pH	
  9.5	
  

33	
  %	
  PEG	
  300	
  

7	
  

0.1	
  M	
  (NH4)2SO4	
  

0.1	
  M	
  HEPES	
  pH	
  7.5	
  

12	
  %	
  PEG	
  4000	
  

12	
  %	
  PEG	
  4000	
  

0.1	
  M	
  MgCl2	
  

0.1	
  M	
  Tris	
  pH	
  7.5	
  

22.5	
  %	
  PEG	
  400	
  

0.1	
  M	
  NaCl	
  

0.04	
  M	
  Tris	
  pH	
  8	
  

27.5	
  %	
  PEG	
  350	
  

0.02	
  M	
  bis	
  Tris	
  pH	
  7	
  

15.5	
  %	
  PEG	
  2000	
  

0.05	
  M	
  Mg(CH3COO)2	
  

0.05	
  M	
  CH3COONa	
  	
  pH	
  5.4	
  

24.5	
  %	
  PEG	
  400	
  

0.1	
  M	
  NaCl	
  

0.05	
  M	
  Glycine	
  pH	
  9.5	
  

33.5	
  %	
  PEG	
  300	
  

8	
  

0.1	
  M	
  (NH4)2SO4	
  

0.1	
  M	
  HEPES	
  pH	
  7.5	
  

12	
  %	
  PEG	
  4000	
  

12	
  %	
  PEG	
  4000	
  

0.1	
  M	
  MgCl2	
  

0.1	
  M	
  Tris	
  pH	
  7.5	
  

23	
  %	
  PEG	
  400	
  

0.1	
  M	
  NaCl	
  

0.04	
  M	
  Tris	
  pH	
  8	
  

28	
  %	
  PEG	
  350	
  

0.02	
  M	
  bis	
  Tris	
  pH	
  7	
  

16	
  %	
  PEG	
  2000	
  

0.05	
  M	
  Mg(CH3COO)2	
  

0.05	
  M	
  CH3COONa	
  	
  pH	
  5.4	
  

25	
  %	
  PEG	
  400	
  

0.1	
  M	
  NaCl	
  

0.05	
  M	
  Glycine	
  pH	
  9.5	
  

34	
  %	
  PEG	
  300	
  

9	
  

0.1	
  M	
  (NH4)2SO4	
  

0.1	
  M	
  HEPES	
  pH	
  7.5	
  

12	
  %	
  PEG	
  4000	
  

21	
  %	
  Glycerol	
  

0.1	
  M	
  MgCl2	
  

0.1	
  M	
  Tris	
  pH	
  7.5	
  

23	
  %	
  PEG	
  400	
  

0.1	
  M	
  NaCl	
  

0.04	
  M	
  Tris	
  pH	
  8	
  

28.5	
  %	
  PEG	
  350	
  

0.02	
  M	
  bis	
  Tris	
  pH	
  7	
  

16.5	
  %	
  PEG	
  2000	
  

0.05	
  M	
  Mg(CH3COO)2	
  

0.05	
  M	
  CH3COONa	
  	
  pH	
  5.4	
  

25.5	
  %	
  PEG	
  400	
  

0.1	
  M	
  NaCl	
  

0.05	
  M	
  Glycine	
  pH	
  9.5	
  

34.5	
  %	
  PEG	
  300	
  

10	
  

0.1	
  M	
  (NH4)2SO4	
  

0.1	
  M	
  HEPES	
  pH	
  7.5	
  

12	
  %	
  PEG	
  4000	
  

23	
  %	
  Glycerol	
  

0.1	
  M	
  MgCl2	
  

0.1	
  M	
  Tris	
  pH	
  7.5	
  

24	
  %	
  PEG	
  400	
  

0.1	
  M	
  NaCl	
  

0.04	
  M	
  Tris	
  pH	
  8	
  

29	
  %	
  PEG	
  350	
  

0.02	
  M	
  bis	
  Tris	
  pH	
  7	
  

17	
  %	
  PEG	
  2000	
  

0.05	
  M	
  Mg(CH3COO)2	
  

0.05	
  M	
  CH3COONa	
  	
  pH	
  5.4	
  

26	
  %	
  PEG	
  400	
  

0.1	
  M	
  NaCl	
  

0.05	
  M	
  Glycine	
  pH	
  9.5	
  

35	
  %	
  PEG	
  300	
  

11	
  

0.1	
  M	
  (NH4)2SO4	
  

0.1	
  M	
  HEPES	
  pH	
  7.5	
  

12	
  %	
  PEG	
  4000	
  

24	
  %	
  Glycerol	
  

0.1	
  M	
  MgCl2	
  

0.1	
  M	
  Tris	
  pH	
  7.5	
  

24.5	
  %	
  PEG	
  400	
  

0.1	
  M	
  NaCl	
  

0.04	
  M	
  Tris	
  pH	
  8	
  

29.5	
  %	
  PEG	
  350	
  

0.02	
  M	
  bis	
  Tris	
  pH	
  7	
  

17.5	
  %	
  PEG	
  2000	
  

0.05	
  M	
  Mg(CH3COO)2	
  

0.05	
  M	
  CH3COONa	
  	
  pH	
  5.4	
  

26.5	
  %	
  PEG	
  400	
  

0.1	
  M	
  NaCl	
  

0.05	
  M	
  Glycine	
  pH	
  9.5	
  

35.5	
  %	
  PEG	
  300	
  

12	
  

0.1	
  M	
  (NH4)2SO4	
  

0.1	
  M	
  HEPES	
  pH	
  7.5	
  

12	
  %	
  PEG	
  4000	
  

25	
  %	
  Glycerol	
  

0.1	
  M	
  MgCl2	
  

0.1	
  M	
  Tris	
  pH	
  7.5	
  

25	
  %	
  PEG	
  400	
  

0.1	
  M	
  NaCl	
  

0.04	
  M	
  Tris	
  pH	
  8	
  

30	
  %	
  PEG	
  350	
  

0.02	
  M	
  bis	
  Tris	
  pH	
  7	
  

18	
  %	
  PEG	
  2000	
  

0.05	
  M	
  Mg(CH3COO)2	
  

0.05	
  M	
  CH3COONa	
  	
  pH	
  5.4	
  

27	
  %	
  PEG	
  400	
  

0.1	
  M	
  NaCl	
  

0.05	
  M	
  Glycine	
  pH	
  9.5	
  

36	
  %	
  PEG	
  300	
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Table 7.3: 24-well crystallization screen ''DDM'' for A. baylyi BetT1 

 

 

7.7 Surface Entropy Reduction prediction for A. baylyi BetT1 

A surface entropy reduction prediction (SERp, http://services.mbi.ucla.edu/SER/) was 

performed on the basis of the amino acid sequence of BetT1 from A. baylyi to determine 

clusters, which have to be substituted to enhance crystallizability. 
 

 

 
 

 

	
  
1	
   2	
   3	
   4	
   5	
   6	
  

A	
  

0.07	
  M	
  NaCl	
  

0.05	
  M	
  Na3-­‐Citrate	
  	
  

pH	
  4,25	
  

20.5	
  %	
  PEG	
  

0.07	
  M	
  NaCl	
  

0.05	
  M	
  Na3-­‐Citrate	
  	
  

pH	
  4,25	
  

21	
  %	
  PEG	
  

0.07	
  M	
  NaCl	
  

0.05	
  M	
  Na3-­‐Citrate	
  	
  

pH	
  4,25	
  

21.5	
  %	
  PEG	
  

0.07	
  M	
  NaCl	
  

0.05	
  M	
  Na3-­‐Citrate	
  	
  

pH	
  4,25	
  

22	
  %	
  PEG	
  

0.07	
  M	
  NaCl	
  

0.05	
  M	
  Na3-­‐Citrate	
  

pH	
  4,25	
  

22.5	
  %	
  PEG	
  

0.07	
  M	
  NaCl	
  

0.05	
  M	
  Na3-­‐Citrate	
  	
  

pH	
  4,25	
  

23	
  %	
  PEG	
  

B	
  

0.07	
  M	
  NaCl	
  

0.05	
  M	
  Na3-­‐Citrate	
  	
  

pH	
  4.5	
  

20.5	
  %	
  PEG	
  

0.07	
  M	
  NaCl	
  

0.05	
  M	
  Na3-­‐Citrate	
  	
  

pH	
  4.5	
  

21	
  %	
  PEG	
  

0.07	
  M	
  NaCl	
  

0.05	
  M	
  Na3-­‐Citrate	
  	
  

pH	
  4.5	
  

21.5	
  %	
  PEG	
  

0.07	
  M	
  NaCl	
  

0.05	
  M	
  Na3-­‐Citrate	
  

pH	
  4.5	
  

22	
  %	
  PEG	
  

0.07	
  M	
  NaCl	
  

0.05	
  M	
  Na3-­‐Citrate	
  

pH	
  4.5	
  

22.5	
  %	
  PEG	
  

0.07	
  M	
  NaCl	
  

0.05	
  M	
  Na3-­‐Citrate	
  

pH	
  4.5	
  

23	
  %	
  PEG	
  

C	
  

0.07	
  M	
  NaCl	
  

0.05	
  M	
  Na3-­‐Citrate	
  	
  

pH	
  4,75	
  

20.5	
  %	
  PEG	
  

0.07	
  M	
  NaCl	
  

0.05	
  M	
  Na3-­‐Citrate	
  	
  

pH	
  4,75	
  

21	
  %	
  PEG	
  

0.07	
  M	
  NaCl	
  

0.05	
  M	
  Na3-­‐Citrate	
  	
  

pH	
  4,75	
  

21.5	
  %	
  PEG	
  

0.07	
  M	
  NaCl	
  

0.05	
  M	
  Na3-­‐Citrate	
  	
  

pH	
  4,75	
  

21.5	
  %	
  PEG	
  

0.07	
  M	
  NaCl	
  

0.05	
  M	
  Na3-­‐Citrate	
  	
  

pH	
  4,75	
  

22.5	
  %	
  PEG	
  

0.07	
  M	
  NaCl	
  

0.05	
  M	
  Na3-­‐Citrate	
  

pH	
  4,75	
  

23	
  %	
  PEG	
  

D	
  

0.07	
  M	
  NaCl	
  

0.05	
  M	
  Na3-­‐Citrate	
  	
  

pH	
  5	
  

20.5	
  %	
  PEG	
  

0.07	
  M	
  NaCl	
  

0.05	
  M	
  Na3-­‐Citrate	
  	
  

pH	
  5	
  

21	
  %	
  PEG	
  

0.07	
  M	
  NaCl	
  

0.05	
  M	
  Na3-­‐Citrate	
  	
  

pH	
  5	
  

21.5	
  %	
  PEG	
  

0.07	
  M	
  NaCl	
  

0.05	
  M	
  Na3-­‐Citrate	
  	
  

pH	
  5	
  

22	
  %	
  PEG	
  

0.07	
  M	
  NaCl	
  

0.05	
  M	
  Na3-­‐Citrate	
  	
  

pH	
  5	
  

22.5	
  %	
  PEG	
  

0.07	
  M	
  NaCl	
  

0.05	
  M	
  Na3-­‐Citrate	
  

pH	
  5	
  

23	
  %	
  PEG	
  

	
  
1	
   2	
   3	
   4	
   5	
   6	
  

A	
  

0.07	
  M	
  NaCl	
  

0.05	
  M	
  Na3-­‐Citrate	
  	
  

pH	
  4,25	
  

20.5	
  %	
  PEG	
  

0.07	
  M	
  NaCl	
  

0.05	
  M	
  Na3-­‐Citrate	
  	
  

pH	
  4,25	
  

21	
  %	
  PEG	
  

0.07	
  M	
  NaCl	
  

0.05	
  M	
  Na3-­‐Citrate	
  	
  

pH	
  4,25	
  

21.5	
  %	
  PEG	
  

0.07	
  M	
  NaCl	
  

0.05	
  M	
  Na3-­‐Citrate	
  	
  

pH	
  4,25	
  

22	
  %	
  PEG	
  

0.07	
  M	
  NaCl	
  

0.05	
  M	
  Na3-­‐Citrate	
  

pH	
  4,25	
  

22.5	
  %	
  PEG	
  

0.07	
  M	
  NaCl	
  

0.05	
  M	
  Na3-­‐Citrate	
  	
  

pH	
  4,25	
  

23	
  %	
  PEG	
  

B	
  

0.07	
  M	
  NaCl	
  

0.05	
  M	
  Na3-­‐Citrate	
  	
  

pH	
  4.5	
  

20.5	
  %	
  PEG	
  

0.07	
  M	
  NaCl	
  

0.05	
  M	
  Na3-­‐Citrate	
  	
  

pH	
  4.5	
  

21	
  %	
  PEG	
  

0.07	
  M	
  NaCl	
  

0.05	
  M	
  Na3-­‐Citrate	
  	
  

pH	
  4.5	
  

21.5	
  %	
  PEG	
  

0.07	
  M	
  NaCl	
  

0.05	
  M	
  Na3-­‐Citrate	
  

pH	
  4.5	
  

22	
  %	
  PEG	
  

0.07	
  M	
  NaCl	
  

0.05	
  M	
  Na3-­‐Citrate	
  

pH	
  4.5	
  

22.5	
  %	
  PEG	
  

0.07	
  M	
  NaCl	
  

0.05	
  M	
  Na3-­‐Citrate	
  

pH	
  4.5	
  

23	
  %	
  PEG	
  

C	
  

0.07	
  M	
  NaCl	
  

0.05	
  M	
  Na3-­‐Citrate	
  	
  

pH	
  4,75	
  

20.5	
  %	
  PEG	
  

0.07	
  M	
  NaCl	
  

0.05	
  M	
  Na3-­‐Citrate	
  	
  

pH	
  4,75	
  

21	
  %	
  PEG	
  

0.07	
  M	
  NaCl	
  

0.05	
  M	
  Na3-­‐Citrate	
  	
  

pH	
  4,75	
  

21.5	
  %	
  PEG	
  

0.07	
  M	
  NaCl	
  

0.05	
  M	
  Na3-­‐Citrate	
  	
  

pH	
  4,75	
  

21.5	
  %	
  PEG	
  

0.07	
  M	
  NaCl	
  

0.05	
  M	
  Na3-­‐Citrate	
  	
  

pH	
  4,75	
  

22.5	
  %	
  PEG	
  

0.07	
  M	
  NaCl	
  

0.05	
  M	
  Na3-­‐Citrate	
  

pH	
  4,75	
  

23	
  %	
  PEG	
  

D	
  

0.07	
  M	
  NaCl	
  

0.05	
  M	
  Na3-­‐Citrate	
  	
  

pH	
  5	
  

20.5	
  %	
  PEG	
  

0.07	
  M	
  NaCl	
  

0.05	
  M	
  Na3-­‐Citrate	
  	
  

pH	
  5	
  

21	
  %	
  PEG	
  

0.07	
  M	
  NaCl	
  

0.05	
  M	
  Na3-­‐Citrate	
  	
  

pH	
  5	
  

21.5	
  %	
  PEG	
  

0.07	
  M	
  NaCl	
  

0.05	
  M	
  Na3-­‐Citrate	
  	
  

pH	
  5	
  

22	
  %	
  PEG	
  

0.07	
  M	
  NaCl	
  

0.05	
  M	
  Na3-­‐Citrate	
  	
  

pH	
  5	
  

22.5	
  %	
  PEG	
  

0.07	
  M	
  NaCl	
  

0.05	
  M	
  Na3-­‐Citrate	
  

pH	
  5	
  

23	
  %	
  PEG	
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Figure 7.5: Surface Entropy Reduction prediction (SERp) for BetT1. 
Clusters for surface entropy reduction to enhance the crystallization probability were 
estimated from the BetT1 amino acid sequence by the SERp server 
(http://services.mbi.ucla.edu/SER/). SERp scores higher than 3 indicate good 
candidates for mutation. Residues proposed for substitution are shaded green, other 
mutatable high entropy residues are shaded blue and low entropy residues are shaded 
yellow. The corresponding score legend is shown below the results. 
 

 

7.8 PELDOR  

7.8.1 MTSL vs. MMTSL 

In the current work, two nitroxide spin labels were used, namely 

methanethiosulfonate (MTSL;(1-Oxyl-2,2,5,5-tetramethyl-∆3-pyrroline-3-methyl) 

methanethiosulfonate) and methyl methanethiosulfonate (MMTSL; (1-Oxyl-

2,2,5,5-tetramethylpyrrolidin-3-yl) methyl methanethiosulfonate). Whereas MTSL 

is commonly utilized as paramagnetic spin label in PELDOR experiments, MMTSL 

is the ring unsaturated analog (Figure 7.6). In order to exclude differences in the 

distance measurements due to a different conformational freedom of the spin 

labels, PELDOR experiments were performed with BetP S140C/C252T/K489C as 

six-spin system labeled with MMTSL and MTSL, respectively.  
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            A                                                              B 

 
Figure 7.6: MTSL vs. MMTSL. 
The structural formula is displayed for MTSL (A) and the ring unsaturated analog MMTSL 
(B), respectively. 
 

A                                                                     B  

 
C                                                                   D 

 
Figure 7.7: PELDOR analysis of BetP S140C/C252T/K489C in detergent labeled with 
MTSL and MMTSL at inactive conditions. 
Experimental PELDOR time traces for BetP S140C/C252T/K489C in 0.01 % DDM and 
spin labeled by either MTSL (black) or MMTSL (gray), are displayed as function of time in 
µs at inactive conditions. The echo amplitude (A) and background-corrected normalized 
echo amplitude (B) is shown with the respective background as well as the fit to the data 
in red for MTSL and in orange for MMTSL, respectively. The distance distribution was 
obtained by Tikhonov regularization (C) and for clarity the distance distribution was 
normalized for a better comparison (D). 
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A                                                                     B  

 
C                                                                   D 

 
Figure 7.8: PELDOR analysis of BetP S140C/C252T/K489C in detergent labeled with 
MTSL and MMTSL at active conditions. 
Experimental PELDOR time traces for BetP S140C/C252T/K489C in 0.01 % DDM and 
spin labeled by either MTSL (black) or MMTSL (gray), are displayed as function of time in 
µs at active conditions. The echo amplitude (A) and background-corrected normalized 
echo amplitude (B) is shown with the respective background as well as the fit to the data 
in red for MTSL and in orange for MMTSL, respectively. The distance distribution was 
obtained by Tikhonov regularization (C) and for clarity the distance distribution was 
normalized for a better comparison (D). 
 

The direct comparison of the data, either at non-activating or activating 

conditions, showed that no significant difference could be assigned between the 

spin labels. Both obtained distance distributions showed main peaks at 

comparable distances at inactive as well as active conditions (Figure 7.7 and 

Figure 7.8). The differences in the modulation depth are based on the used X- or 

Q-Band Spectrometer frequency and the thereby different pulse length as well as 

spectral densities. Hence, the data of either MMTSL or MTSL labeled probes can 

be compared.  
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7.8.2 X-Band vs. Q-Band 

For this thesis, PELDOR experiments were conducted on a Bruker EleXsys E580 

spectrometer operating either at X-band (9.6 GHz) or Q-band (33.7 GHz) 

frequencies with the standard 4-pulse ‘dead time free’ PELDOR sequence. To 

exclude differences in the resulting PELDOR analysis due to different frequencies, 

PELDOR spectra were recorded for BetP S140C/C252T/N488C at X-band and Q-

band microwave frequencies and the obtained results were subsequently 

compared.  

 

A                                                                B 

 
C                                                               D 

 
Figure 7.9: PELDOR analysis at X- and Q-band frequencies of BetP 
S140C/C252T/N488C in detergent at inactive conditions. 
Experimental PELDOR time traces at X-band (black) and Q-band (gray) frequencies for 
BetP S140C/C252T/N488C, spin labeled by MMTSL. The PELDOR spectra are displayed 
as function of time in µs at inactive conditions in 0.01 % DDM. The echo amplitude (A) 
and background-corrected normalized echo amplitude (B) is shown with the respective 
background as well as the fit to the data in red at X-band and in orange for Q-band, 
respectively. The distance distribution was obtained by Tikhonov regularization (C) and for 
clarity the distance distribution was normalized for a better comparison (D). 
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A                                                                B 

 
C                                                               D 

 
Figure 7.10: PELDOR analysis at X- and Q-band frequencies of BetP 
S140C/C252T/N488C at active conditions. 
Experimental PELDOR time traces at X-band and Q-band frequencies for BetP 
S140C/C252T/N488C, spin labeled by MMTSL. The PELDOR spectra are displayed as 
function of time in µs at inactive conditions in 0.01 % DDM. The echo amplitude (A) and 
background-corrected normalized echo amplitude (B) is shown with the respective 
background as well as the fit to the data in dark blue at X-band and in light blue for Q-
band, respectively. The distance distribution was obtained by Tikhonov regularization (C) 
and for clarity the distance distribution was normalized for a better comparison (D). 
 

The comparison of the data, either at non-activating or activating conditions, 

revealed that no significant difference could be observed due to the use of either 

X- or Q-band. Main peaks at comparable distances were detected in the resulting 

distance distributions at inactive as well as active conditions (Figure 7.9 and 

Figure 7.10). Differences can be related to the different used pulse length. Thus, 

the data of either X- or Q-band measured probes can be compared. 
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7.8.3 Polynomial background correction 

For time traces of BetP variants in detergent as six-spin systems with labels 

located at the cytoplasmic side, a polynomial background correction was 

performed to remove longer interprotomeric distances. Figure 7.11 exemplarily 

compares the results of standard and polynomial background correction with 

different time windows. 

 

 
Figure 7.11: Polynomial background correction of BetP S140C/C252T/N488C in 
detergent as six-spin system with labels located at the cytoplasmic side. 
PELDOR time traces are displayed for the MMTSL labeled six-spin system BetP 
S140C/C252T/N488C in 0.1 % DDM as function of time in µs. The echo amplitude (left 
column) is shown with the standard intermolecular background contribution (red) for a 
time frame of 4.5 µs (A) and 2 µs (B) as well as with the polynomial background (red) for 
2 µs (C). The corresponding background-corrected normalized echo amplitudes (right 
column) of the experimental data (black) is shown with the respective Tikhonov fit in red. 
The distance distribution was obtained by Tikhonov regularization (DeerAnalysis2013) of 
the background-corrected time traces. Figure was provided by Dr. Burkhard Endeward. 
 

Figure 7.11 illustrates the Tikhonov-derived distance distributions, which are 

based on different background correction procedures and different time windows. 

For the standard fitting of the intermolecular background with time windows of 

4.5 µs and 2 µs, longer interprotomeric distances can be observed. In contrast, 

the polynomial background correction results in a distance distribution indicating 

only the intraprotomeric distance of 3 nm.  In this way, the shorter intraprotomeric 

distances were successfully separated from longer interprotomeric distances (> 5 

nm) by a polynomial background correction. 
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7.8.4 MMM simulation of BetP 

Distance distributions were simulated for diverse BetP variants with the rotamer 

library approach of the software package MMM2015.1. The standard applied 

rotamer library R1A for the spin label MTSL can be calculated for cryogenic 

(R1A_175K) and ambient (R1A_289K) temperatures. However, the standard 

rotamer library showed in some cases a very low number of rotamers, especially 

at position S140C and G450C at 175 K and 298 K, respectively (Table 7.4). 

Beside the standard library, alternative libraries based on the same rotamers with 

different relative probabilities of the rotamers are available. After 

recommendation of Yehan Polyhach (personal communication Dr. B. Endeward) 

the rotamer library R1A_298K_xray was applied for BetP. A direct comparison of 

the rotamers predicted by the standard library at cryogenic and ambient 

temperature with the alternative library R1A_298K_xray for the labeling sites in 

different BetP conformations is indicated in Table 7.4. Furthermore, the simulated 

distance distribution of R1A_298K and R1A_298K_xray are directly compared for 

the sites at the cytoplasmic side and subsequently for the periplasmic side of 

BetP. 
 

Table 7.4: Calculated rotamers  

 R1A_175K R1A_298K R1A_298K_Xray 
 1Ci 1Ce 1Ci 2Ci 1Ce 2Ce 3Ce 1Ci 2Ci  1Ce 2Ce 3Ce 

S140C 70 1 71 71 1 46 43 91 91 11 67 67 
N488C 40 4 44 44 61 32 66 71 71 81 57 84 
K489C 60 82 49 49 64 120 92 75 75 97 128 101 
W490C 100 126 125 125 130 138 138 131 131 133 139 131 
G450C 3 25 1 1 13 25 5 11 11 37 39 27 
A514C 7 8 14 14 13 1 4 35 35 18 5 35 
L515C 39 77 36 36 38 1 3 76 76 85 19 12 
S516C 62 89 59 59 84 75 84 81 81 99 89 91 

conformations: inward open 1Ci (PDB 4DOJ, chain C) and 2Ci (PDB 4C7R, chain A); outward open 
1Ce (PDB 4DOJ, chain B), 2Ce (PDB 4LLH, chain A) and 3Ce (PDB 4LLH, chain B) 
*outliers are colored red 
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Figure 7.12: Simulated PELDOR distance distribution of protomeric BetP variants at the 
cytoplasmic side. 
Simulated PELDOR distance distributions for cytoplasmic BetP variants as single 
protomers based on crystal structures in different conformations: inward open state 1Ci 
(PDB 4DOJ, chain C, black) and 2Ci (PDB 4C7R, chain A, dashed red) as well as outward 
open state 1Ce (PDB 4DOJ, chain B, dark blue), 2Ce (PDB 4LLH, chain A, light blue) and 
3Ce (PDB 4LLH, chain B, green). Data was simulated by the use of the rotamer library 
R1A_298K_xray (first row) and R1A_298K (second row) in the MMM software (Polyhach 
and Jeschke, 2010). 
 

 
Figure 7.13: Simulated PELDOR distance distribution pf protomeric BetP variants at the 
periplasmic side. 
Simulated PELDOR distance distributions for periplamic BetP variants as single 
protomers based on crystal structures in different conformations: inward open state 1Ci 
(PDB 4DOJ, chain C, black) and 2Ci (PDB 4C7R, chain A, dashed red) as well as outward 
open state 1Ce (PDB 4DOJ, chain B, dark blue), 2Ce (PDB 4LLH, chain A, light blue) and 
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3Ce (PDB 4LLH, chain B, green). Data was simulated by the use of the rotamer library 
R1A_298K_xray (first row) and R1A_298K (second row) in the MMM software (Polyhach 
and Jeschke, 2010). 
 

The distance distributions in the different conformations are significantly affected 

by the rotamer number and distribution. Low rational freedom for the label at 

position S140C and G450C for rotamer library R1A_175K and R1A_298K in 

specific conformations are indicated with less rotamers (outlier, Table 7.4). In 

consequence, the distance distributions are very heterogenic and follow not the 

trends, which are implied by the crystal structures. For the cytoplasmic as well as 

for the periplasmic spin labeling pairs the obtained distance distributions with the 

rotamer library R1A_298K show less differences between the outward and inward 

open states of the crystal structures. For R1A_298K_xray only one outlier is found 

and therefore the ladder rotamer library was used for comparison to the 

experimental data. 

 

 

7.8.5 Examination of multi-spin effects in the BetP six-spin system  

If more than two spin labels are present in a biomolecule, the sum and difference 

frequencies of dipolar couplings occur depending on the label efficiency and 

inversion efficiency. This might lead to artifacts, known as ghost contributions, in 

the distance distribution of multi-spin systems. This ghost distances can be 

suppressed by power scaling of the form factor with an exponent 𝜉! = 1/(1− 𝑁), 

where N is the number of spins.  

Therefore, the distance distribution was calculated by MMM2015.1 for the BetP 

six-system BetP G450C/C252T/S516C in the outward open conformation. Based 

on this, the PELDOR time traces were simulated by taking the multi-spin effects 

into consideration. The time traces were further analyzed at different time 

windows by Tikhonov regularization with application of the ghost option in 

DeerAnalysis2013. Calculations were performed by Dr. B. Endeward (group of 

Prof. Dr. Thomas Prisner, Goethe-University, Frankfurt am Main). 
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Figure 7.14: Multi-spin effects of BetP G450C/C252T/S516C. 
Distance distributions for BetP G450C/C252T/S516C obtained by Tikhonov 
regularization with DeerAnalysis2013 considering multi-spin effects. 
 

Figure 7.14 indicates, that differences due to multi-spin effects in the six-spin 

system G450C/C252T/S516C are smaller than the distance changes considered 

in the analysis of the experimental PELDOR results (Figure 5.23 and Figure 5.24). 

 

 

7.8.6 7-pulse CP-PELDOR of BetP 

The long intratrimeric distance of roughly 60 Å between the spin labeled position 

of S140C in the BetP trimer could not be resolved by standard 4-pulse PELDOR 

(Figure 5.9). In consequence, the standard 4-pulse sequence was modified into a 

7-pulse PELDOR sequence, based on a short CP (Carr-Purcell) refocusing 

sequence (7-pulse CP-PELDOR) (Carr and Purcell, 1954), to increase the 

observation time window and therefore the measurable distance range as well as 

accuracy for non-deuterated protein complexes in detergent (Spindler et al., 

2015). Method optimization and analysis of recorded data was performed by Dr. 

Philipp Spindler and Dr. Burkhard Endeward (group of Prof. Dr. Thomas Prisner, 

Goethe-University, Frankfurt am Main). 
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    A                                                             B 

 
Figure 7.15: Comparison of PELDOR time traces of BetP S140C/C252T. 
Dipolar evolution time trace obtained with standard 4-pulse PELDOR sequence (A) and 
with the 7-pulse CP-PELDOR sequence (B). Both experiments were carried out at 50 K. 
The 7-pulse signal was recorded over 2.5 h with a 50 MHz bandwith sech/tanh pump 
pulses, whereas the 4-pulse signal was averaged over 1 h with 12 ns rectangular pump 
pulse (adapted from Spindler et al., 2014) 
 

 
Figure 7.16: Comparison of experimental and simulated distance distribution for 
trimeric BetP S140C/C252T. 
The experimental distance distribution of BetP S140C/C252T at inactivating conditions 
in 0.1 % DDM obtained by the 7-pulse CP-PELDOR and subsequent Tikhonov 
regularization (black) is compared to the simulated distance distribution for the 
corresponding BetP variant based on the crystal structure PDB 4DOJ (red) by 
MMM2015.1 (Polyhach and Jeschke, 2010) (Spindler et al., 2015). 
 

The accuracy of distance determinations by PELDOR is limited by the flexibility of 

the spin labels and the maximal achievable observation time window, which again 

is limited by the transversal relaxation time T2 of the unpaired electron spin 

(Spindler et al., 2015). The short relaxation time T2 of the MTSL spin label, arising 

from the dynamics of interactions between the unpaired electron spin and the 

proton nuclear spin close by, did allow to obtain a maximum observation time 



APPENDIX 

 226 

window of 7 µs for BetP with the standard 4-pulse sequence (Figure 7.15). This 

time window is too short to separate the intermolecular decay function properly 

and to obtain enough resolution in the distance distribution to identify the small 

distance differences predicted by the BetP crystal structures (Figure 5.10). 

Therefore, the 7-pulse CP-PELDOR sequence was applied with additional 

adiabatic pulses as inversion pump pulses. This kind of pulses is characterized by 

better inversion probability compared to rectangular pulses. As a result, the 

observation time window could be extended to 12.5 µs for non-deuterated spin-

labeled BetP in detergent (Figure 7.15 B). Additionally, a strongly improved time 

trace with better signal-to-noise can be observed. The obtained distance 

distribution for BetP S140C/C252T indicates a splitting into two distance peaks 

at 5.9 and 6.5 nm with comparable probabilities (Figure 7.16) implying an 

asymmetry of BetP. The shorter distance is corresponding to the simulated 

distance distribution for the asymmetric trimer of PDB 4DOJ (outward open 

occluded/outward open/inward open), for which only one distance can be 

observed. For further reliable interpretation of the data, an adequate strategy for 

data simulation has to be developed to classify the obtained distance distribution. 

Moreover, additional BetP mutants have to be investigated at inactive and active 

conditions in detergent and reconstituted into liposomes.  

 

 

7.8.7 Summary of PELDOR data  

7.8.7.1 PELDOR measurements on the three-spin system in detergent 
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Figure 7.17: PELDOR analysis of BetP S140C/C252T in detergent as three-spin system 
at the cytoplasmic side. 
Experimental PELDOR measurements were conducted for BetP S140C/C252T labeled 
with MMTSL at inactive and active conditions in 0.1 % DDM at Q-band. Corresponding 
PELDOR time traces for BetP S140C/C252T are displayed as function of time in µs. The 
echo amplitude (first column) and background-corrected normalized echo amplitude 
(second column) are shown with the respective background as well as the fit to the data 
in red. The distance distribution was obtained by Tikhonov regularization 
(DEERAnalysis2013) (third column). 
 

 

7.8.7.2 PELDOR measurements on the six-spin system in detergent 

 

 

 



APPENDIX 

 228 

 

 
 



APPENDIX 

 229 

 

 



APPENDIX 

 230 

 
Figure 7.18: PELDOR analysis of BetP variants in detergent as six-spin system. 
Experimental PELDOR time traces were recorded for BetP variants labeled with either 
MMTSL or MTSL at inactive and active conditions in 0.1 % DDM at X- or Q-band. 
Corresponding PELDOR time traces are displayed as function of time in µs. The echo 
amplitude (first column) and background-corrected normalized echo amplitude (second 
column) are shown with the respective background as well as the fit to the data in red. 
The distance distribution was obtained by Tikhonov regularization (DEERAnalysis2013) 
(third column). 
 

 

7.8.7.3 PELDOR measurements on the six-spin system in proteoliposomes 
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Figure 7.19: PELDOR analysis of BetP as six-spin system in proteoliposomes. 
Experimental PELDOR time traces were recorded for BetP variants reconstituted into E. 
coli polar lipid liposomes, labeled with either MMTSL or MTSL at inactive and active 
conditions at X- or Q-band. Corresponding PELDOR time traces are displayed as function 
of time [µs]. The echo amplitude (first column) and background-corrected normalized 
echo amplitude (second column) are shown with the respective background as well as 
the fit to the data in red. The distance distribution was obtained by Tikhonov 
regularization (DEERAnalysis2013) (third column). 
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