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2. Zusammenfassung

ABC- (ATP-binding cassette) Transporter reprdsentieren eine omniprasente Superfamilie
integraler Membranproteine, die den Transport einer Vielzahl chemisch hochst diverser
Substrate (iber biologische Membranen mittels ATP-Bindung und -Hydrolyse katalysieren und in
allen drei Doméanen des Lebens (Eukaryoten, Prokaryoten und Archaeen) zu finden sind. Alle
eukaryotischen ABC-Transporter sind Exporter, die eine essentielle Rolle in unterschiedlichsten
physiologischen Prozessen spielen — angefangen mit Schliisselfunktionen bei der Aufnahme von
Nahrstoffen bis hin zum adaptiven Immunsystem. Aus diesem Grund werden Fehlfunktionen
von ABC-Transportern mit einer Vielzahl schwerwiegender Krankheitsbilder wie zum Beispiel
Hypercholesterinamie oder Mukoviszidose in Verbindung gebracht. Ein detailliertes Verstandnis
des Aufbaus und der Funktion von ABC-Transportern ist folglich ein wichtiges Ziel der klinischen
Forschung. Im Rahmen dieser Doktorarbeit wurden daher zwei ABC-Transporter (TAP und
TmrAB) aus unterschiedlichen Organismen (human und bakteriell) als Modellsysteme fir
heterodimere ABC-Transporter hinsichtlich ihrer konformationellen Heterogenitat wahrend des

Substrat-Transportes untersucht und ein allgemein giiltiger Transport-Mechanismus postuliert.

Tagtaglich wird der menschliche Kérper mit zahlreichen Toxinen, Bakterien, Viren und Parasiten
konfrontiert. Um dieser Vielzahl an Pathogenen entgegenzuwirken, hat der Korper ein
komplexes Abwehrsystem entwickelt, das aus der angeborene (innaten) und der erworbenen
(adaptiven) Immunantwort besteht. Das adaptive Immunsystem basiert auf der Erkennung und
Eliminierung infizierter oder entarteter Zellen vermittelt durch die Prasentation kérpereigener
und korperfremder Peptid-Antigene an der Zelloberflache. Eine Schliisselrolle in der adaptiven
Immunantwort spielt der mit der Antigenprozessierung assoziierte ABC-Transporter
(transporter associated with antigen processing, TAP). Als Teil des dynamischen
makromolekularen Peptid-Beladungskomplexes (peptide-loading complex, PLC) transportiert
TAP proteasomale Degradationsprodukte vom Zytosol ins Lumen des Endoplasmatischen
Retikulums (ER), wo anschlieBend die Beladung dieser Peptide auf Molekile des
Hauptkompatibilitatskomplexes | (major histocompatibility complex |, MHC 1) als weiterer
Komponente des PLCs erfolgt. Nach der MHC I|-Beladung migrieren kinetisch stabile MHC I-
Peptid-Komplexe fiir die Antigenprasentation lber das Golgi-Netzwerk zur Plasmamembran.
Durch die zentrale Rolle von TAP in der MCH I-vermittelten Antigenprasentation kénnen
Dysfunktionen des ABC-Transporters schwerwiegende Auswirkungen auf die adaptive
Immunantwort gegen infizierte oder maligne Zellen haben. Doch nicht nur Fehlfunktionen des

Transporters konnen den Antigen-Transport und damit die MHC [-vermittelte
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Antigenpréasentation stoéren. Eine grofRe Anzahl an Viren hat spezielle Strategien zur Umgehung
der adaptiven Immunantwort entwickelt - mit verheerenden Folgen fiir den menschlichen

Korper.

Neben diversen Krankheitsbildern spielen ABC-Transporter auch in der Resistenzentwicklung
von Bakterien gegen Antibiotika eine bedeutende Rolle. Aus diesem Grund wurde in dieser
Studie zusatzlich zum humanen TAP-Komplex, auch der bakterielle ABC-Transporter TmrAB
(Thermus thermophilus multidrug resistance proteins A and B) hinsichtlich seines
Transportmechanismus untersucht. Bei TmrAB handelt es sich ebenfalls um einen
heterodimeren ABC-Export-Komplex, der als funktionales Ortholog von TAP betrachtet werden

kann.

In der Vergangenheit wurden viele funktionale und strukturelle Aspekte von ABC-Transportern
mittels diverser biochemischer Methoden und strukturgebender Verfahren, wie der
Kristallstrukturanalyse oder der Kryo-Elektronenmikroskopie, untersucht und aufgeklart.
Dennoch handelt es sich bei der Mehrzahl der publizierten Strukturen um einzelne
Schnappschiisse aus einer Vielzahl an moglichen Konformeren, die ein ABC-Export-Komplex
wahrend des Transport-Prozesses einnehmen kann. Um jedoch einen allgemein giiltigen
Transport-Mechanismus zu postulieren, ist ein detailliertes Verstandnis des kompletten
konformationallen Spektrums in der nativen zelluldaren Umgebung essentiell. Ziel dieser Arbeit
war daher die Untersuchung und Bestimmung des molekularen Aufbaus und des
konformationellen Spektrums der heterodimeren ABC-Export-Komplexe TAP und TmrAB mittels

Einzelpartikel-Kryo-Elektronenmikroskopie.

Um TAP und TmrAB filr strukturelle Analysen in distinkten Konformationen zu arretieren,
wurden drei unterschiedliche Ansatze verglichen: die Generierung synthetischer Antikorper (1),
Nanobodies (2) oder zyklischer Peptide (3) als Tools fiir den konformationellen Arrest (die
Selektion zyklischer Peptide wurde nur fiir TmrAB durchgefiihrt). Fragmente konventioneller
heterotetramerer Antikdrper werden bedingt durch ihre hohe Stabilitdt und die zielgerichtete
Selektivitat haufig als konformationelle Arrestoren von Membranproteinen in der
Strukturbiologie eingesetzt. Die von Schwerketten-Antikorpern abstammenden Nanobodies der
Camelidae haben zusétzlich den Vorteil, dass der ausgepragte CDR3-loop (complementarity-
determining region, CDR) bestimmte Epitope binden kann, welche die flachen, konkaven
Antigenbindungsstellen konventioneller heterotetramerer Antikorper nicht erreichen kdnnen.

Die mittels Phagen- (synthetische Antikorper, Nanobodies) oder mRNA-Display (zyklische
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Peptide) isolierten Bindemolekiile wurden hinsichtlich ihrer biochemischen Eigenschaften
charakterisiert. Es wurde gezeigt, dass sowohl die selektierten Antikorper als auch die zyklischen
Peptide spezifisch mit Affinitdten im nanomolaren Bereich an ihr jeweiliges Antigen binden.
Jedoch hat sich im Rahmen der weiteren biochemischen Charakterisierung und der initialen
Elektronenmikroskopie-Experimente mittels Negativkontrastierung (negative-stain)
herausgestellt, dass die generierten Antikorper (fiir TAP und TmrAB) und zyklischen Peptide (fur
TmrAB) nicht den gewiinschten Effekt zeigen. Aus diesem Grund wurden flir den weiteren
Verlauf des Projektes Nanobodies verwendet, die Konformations-unabhéngig binden und im

Rahmen einer anderen Studie generiert wurden.

Parallel zur Selektion der Bindemolekiile wurden verschiedene Strategien (unterschiedliche
Detergenzien, die Zugabe von Fixierung-Reagenzien, der Austausch von Detergens durch
amphiphile Polymere) getestet, um die TAP und TmrAB Proben hinsichtlich ihrer Reinheit,
Homogenitat und Stabilitdt flr die Einzelpartikel-Kryo-Elektronenmikroskopie zu optimieren.
Die via negative-stain Elektronenmikroskopie analysierten TAP-Proben waren homogen
hinsichtlich der PartikelgroRe, jedoch waren keine sichtbaren, fiir ABC-Transporter
charakteristischen Motive (wie zum Beispiel die NBDs) zu erkennen. Auch die Zugabe
synthetischer Antikorper als Markerproteine fiihrte zu keiner Verbesserung der Probenqualitét,
weshalb die TAP-Struktur im Rahmen dieser Studie nicht bestimmt werden konnte. Aus diesem
Grund wurden alle weiterfiUhrenden Experimente mit TmrAB durchgefiihrt. Mittels
Einzelpartikel-Kryo-Elektronenmikroskopie wurde das konformationelle Spektrum von TmrAB
unter Transport-Bedingungen bestimmt. Dazu wurde TmrAB in ein synthetisches
Modellmembransystem (Nanodisks) eingebettet, welches die lokale Lipidumgebung der
Membran simuliert, und die TmrAB-Nanodisks direkt vor dem Einfrieren mit Nukleotid und
Substrat versetzt. Die Analyse der Kryo-Elektronenmikroskopie-Daten ergab ein breites
Spektrum an verschiedenen Konformeren mit nach innen (der intrazelluldren Seite zugewandt,
inward-facing) oder nach auBen (der extrazelluldren Seite zugewandt, outward-facing)

gerichteter Orientierung.

Die inward-facing Partikel konnten zwei distinkten Konformationen zugeordnet werden, die sich
durch die Offnung des intrazelluliren Gates unterscheiden. Speziell Transmembranhelix 6
(TMH®6) beider Untereinheiten wies deutliche Verdnderungen zwischen beiden Konformeren
auf. Im Zuge des Konformationswechsels von inward- zur outward-facing Orientierung kommt
es zu einer Verschiebung der TMH6 nach aullen. Diese Verschiebung leitet den

konformationellen Ubergang ein und ist mit einer VergroRerung der intrazelluliren Kavitét
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verbunden. Die VergroRerung der intrazellularen Kavitat ermoglicht die Bindung von Substrat in
der Substratbindekavitdt. Daher wurde auch nur in dieser Konformation eine Extra-Dichte
beobachtet, die dem Substrat zugeordnet werden konnte. Mittels Alanin-Substitution nahe der
Extra-Dichte liegender Aminosaure-Reste mit anschlielRenden Bindungs- und Transportstudien,
wurde gezeigt, dass M139 und W297 von TmrB an der Bindung von Substrat in der

Substratbindekavitat beteiligt sind.

Die restlichen (nicht inward-facing) Partikel wurden zwei Konformationen mit dimerisierten
NBDs zugeordnet, in denen der intrazelluldre Eintrittsweg flir das Substrat verschlossen ist. Die
atomare Auflésung der Datensatze erlaubte die Bestimmung der gebundenen Nukleotide in den
Nukleotidbindestellen (NBS): ADP in der ATP-Hydrolyse aktiven NBS und ATP in der Hydrolyse
inaktiven NBS. Die Identitdat der gebundenen Nukleotide belegt, dass es sich bei diesen

Konformationen um den Zustand nach der ATP-Hydrolyse handelt.

Da in diesem Experiment keine Partikel mit zur extrazelluldren Seite gedffneten (outward-facing
open) TMDs beobachtet wurden, was eine Voraussetzung flr die Freisetzung des Substrates auf
der extrazelluldren Seite darstellt, wurde fir weitere Studien eine katalytisch inaktive Variante
des Transport-Komplexes eingesetzt: TmrA®233B, In dieser mutierten Form von TmrAB wurde
das katalytische Glutamat der A-Untereinheit durch Glutamin substituiert, weshalb der
Transport-Komplex ATP binden aber nicht hydrolysieren kann. Fir die Einzelpartikel-Kryo-
Elektronenmikroskopie wurde TmrAB in Nanodisks unmittelbar vor der Probenpraparation mit
ATP versetzt. Die Analyse der aufgenommenen Daten ergab Transport-Partikel in zwei outward-
facing Konformationen: in einer outward-facing occluded und einer outward-facing open

Orientierung.

Ahnlich des zuvor beschriebenen (turnover) Experiments lagen die NBDs in der outward-facing
occluded Konformation in dimerisierter Form vor — mit dem Unterschied, dass beide NBS ATP
gebunden haben. Interessant flir den Transport-Zyklus ist allerdings die zweite im Datensatz
beobachtete Konformation: outward-facing open. Die NBDs sind geschlossen, die TMDs dafir
Fligel-dhnlich nach auRen (daher outward-facing open) gedffnet, um die Freisetzung eines
potentiellen Substrates in den extrazellularen Raum zu ermdoglichen. Diese Studie bestatigt die
Hypothese, dass die durch ATP-Bindung induzierte Dimerisierung der NBDs die Offnung der
TMDs nach auBen auslost und damit die treibende Kraft fiir den Substrat-Transport tber die

Membran ist (nicht wie vielfach im ABC-Transporter-Feld diskutiert die ATP-Hydrolyse).
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In einem dritten Ansatz wurde der Ubergangszustand der ATP-Hydrolyse mittels Vanadat (Vi)-
trapping von TmrAB in Nanodisks analysiert. Die Untersuchung der Einzelpartikel-Kryo-
Elektronenmikroskope-Daten ergab ausschlieBlich outward-facing orientierte Partikel mit zur
extrazellularen Seite gedffneten oder geschlossenen TMDs (outward-facing open und occluded).
Im Unterschied zur ATP-gebundenen TmrA®232B-Probe wurde in der katalytisch-aktiven NBS
jedoch ADP und Vi nachgewiesen und in der katalytisch-inaktiven NBDs gebundenes ATP. Um
den Transport-Zyklus abzuschlieRen und den Transport-Komplex fiir einen neuen Zyklus
vorzubereiten ist jedoch der Ubergang der outward-facing zuriick zur inward-facing
Orientierung notwendig. Die Erklarung fiir diesen konformationellen Ubergang ergab sich durch
den Vergleich der hier beschriebenen outward-facing occluded Zustinde mit den Post-
Hydrolyse-Zustanden des turnover Experiments: Im Vergleich zum ATP-gebundenen Zustand der
TmrA®239B-Probe und dem ATP/ADP+V;-gebundenen Zustand der Vi-getrappten TmrAB-Probe
sind die ADP-gebundene katalytisch-aktive NBS und das intrazelluldre Gate leicht gedffnet. Diese
Asymmetrie in den NBS beweist, dass die Freisetzung des anorganischen Phosphates den NBD-
Dimer schwacht, was wiederum dazu fuhrt, dass sich das intrazelluldre Gate 6ffnet und der
Transporter einen Konformationwechsel von outward-facing zu inward-facing durchlduft. Die
Ergebnisse zeigen, dass die Freisetzung des anorganischen Phosphates fiir den Ubergang der
outward- zur inward-facing Konformation notwendig ist und damit den Geschwindigkeits-

bestimmenden Schritt im Transport-Zyklus darstellt.

Zusammenfassend wurde im Rahmen dieser Studie das konformationelle Spektrum des
heterodimeren ABC-Export-Komplexes TmrAB abgebildet und fundamentale bisher nicht
beschriebene Schritte des Transport-Zyklus heterodimerer Exporter diskutiert. Basierend auf
den Ergebnissen wurde ein allgemein giiltiger Transport-Mechanismus fiir heterodimere ABC-
Transport-Komplexe postuliert, der Antworten auf die wesentlichen Fragen im ABC-Transporter-
Feld liefert (z.B. welcher Schritt des Transport-Zyklus die treibende Kraft fiir den Substrat-
Transport Uber die Membran darstellt). Die Beschreibung der globalen und lokalen
konformationellen Anderungen wahrend des Transport-Zyklus trigt einen wichtigen Schritt zum
Verstdndnis von ABC-Transporter-Dysfunktionen oder viraler escape Strategien bei und stellt
damit einen wichtigen Schritt fir die klinische Forschung zur Entwicklung potentieller neuer

Therapeutika dar.
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3. Summary

ATP-binding cassette (ABC) transporters constitute an omnipresent superfamily of integral
membrane proteins, which catalyze the translocation of a multitude of chemically diverse
substrates across biological membranes. In humans, ABC transporters typically act as highly
promiscuous exporters, responsible for many physiological processes, multi-drug resistance,
and severe diseases, such as hypercholesterolemia, lipid trafficking disorders, and immune
deficiency. In all ABC transporters, ATP-driven movements within two highly conserved
nucleotide-binding domains (NBDs) are coupled to conformational changes of two
transmembrane domains (TMDs), which provide a framework for substrate binding and release
on the opposite side of the membrane and enable the transporter to cycle between inward-
facing and outward-facing orientations. Several structures of ABC transporters determined
either by X-ray crystallography or single-particle electron cryo-microscopy (cryo-EM) have been
reported, mostly exhibiting a variation of the inward-facing state, which highlights their dynamic
behavior. However, for a complete understanding of the conformational dynamics, further
structural information on intermediates is needed — especially for heterodimeric ABC
transporters, which are predominant in humans and for which only limited structural

information is available.

One prime example of such human heterodimeric ABC transport complexes is the transporter
associated with antigen processing (TAP). TAP is a key player of the adaptive immune response,
because it translocates proteasomal degradation products into the ER lumen for loading of
MHC | molecules. Many functional aspects of TAP have been disclosed in recent years. However,
structural information is lacking far behind and a major challenge in the field of medical relevant
transporters. Recently, the heterodimeric ABC export system TmrAB (Thermus thermophilus
multidrug resistance proteins A and B) was identified as an ortholog of TAP, by sharing structural
homology with TAP and, intriguingly, being able to restore antigen presentation in human TAP-
deficient cells. Thus, TmrAB is a biochemically well-characterized ABC exporter that can be
regarded as a functional ortholog of TAP and serves as a model system for (heterodimeric) ABC

export systems in general.

Thus, to illuminate the molecular basis of substrate translocation by single-particle cryo-EM, one

of the main objectives of this work was the generation of stabilizing chaperones (synthetic
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antibodies, nanobodies, cyclic peptides) to reduce the conformational heterogeneity of TAP and
TmrAB. Selected antibodies were analyzed with respect to stable complex formation,
conformational trapping, and the ability to serve as alignment tools for structural studies by
single-particle cryo-EM. Both antibody types were shown to form sufficiently stable complexes
to serve as a rigid body for EM analyses. However, all selected antibodies bound to the inward-

facing state exclusively.

Hence, for EM studies, various ligands were added to elucidate the full spectrum of
conformational states during the catalytic cycle. For TAP, first attempts by negative-stain EM
revealed a homogenous distribution of particles on the grid. Surprisingly, no transporter-like
features were observed although various attempts were applied to increase the overall sample

quality.

For TmrAB, in contrast, the complete conformational space in a native-like lipid environment
under turnover conditions was mapped. Cryo-EM analysis of TmrAB incubated with ATP-Mg?*
and substrate revealed two distinct inward-facing conformations (IF¥“® and IF"®"™°%) as well as
two asymmetric conformations with dimerized NBDs, which were markedly different from all
previously reported structures. Here, the catalytically active site was slightly wider and
contained ADP, while ATP was still bound at the catalytically-inactive site within the NBDs,
demonstrating an asymmetric post-hydrolysis state. Intriguingly for the inward-facing
conformations, a weak additional density close to residues M139™™® and W297™?® was
observed in the inward-facing conformation, which displayed a higher degree of cytosolic gate
opening (IF*') indicating the presence of substrate. To verify that this density corresponds to
substrate, single alanine mutations of M139™® and W297™® were introduced, leading to a
strong reduction in substrate binding and transport. Since substrate release requires the
opening of the extracellular gate, the absence of an outward-facing open conformation
indicated that the opening must be highly transient. In order to explore the outward-facing open
conformation, a cryo-EM analysis of the catalytically-inactive TmrA®29B mutant upon
incubation with ATP-Mg?* was performed. Remarkably, within the same dataset, two different
outward-facing conformations (occluded and open) were resolved, both in an ATP-bound state,
which indicated that binding of ATP is sufficient to drive the large-scale conformational
transition from inward-facing to outward-facing open. To explore the effect of nucleotide
hydrolysis, TmrAB was trapped by vanadate. Again, two populations were observed,

representing the outward-facing open and outward-facing occluded conformation.
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Based on several structures of key intermediates, determined under turnover conditions or
trapped in the pre-hydrolysis and hydrolysis transition state, for the first time the complete
description of the ATP hydrolysis and translocation cycle of a heterodimeric ABC transport
complex was elucidated in one single study. By mapping the conformational landscape during
active turnover, aided by mutational and chemical modulation of kinetic rates, fundamental and
so-far hidden steps of the substrate translocation cycle of asymmetric ABC transporters were
resolved and a general template for (heterodimeric) ABC exporter-catalyzed substrate

translocation was provided.
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4. Introduction

4.1 ATP-binding cassette transporters

ATP-binding cassette (ABC) transporters constitute an omnipresent superfamily of integral
membrane proteins that utilize the energy of ATP binding and hydrolysis to translocate a
multitude of chemically diverse substrates across cell membranes in all domains of life (1-5).
ABC transporters thus play key roles in various cellular and physiological processes, ranging from
nutrient uptake to adaptive immunity (6, 7). Although all ABC transporters share two conserved
cytosolic nucleotide-binding domains (NBDs), which couple the chemical energy of ATP to
conformational changes of two transmembrane domains (TMDs) aligning the translocation
pathway (5, 6, 8), the structural organization and conformational spectrum are highly
diversified. Based on the structural organization of their core TMDs and direction of substrate
translocation, ABC proteins are stringently classified into seven distinct types (Figure 1) (9).
Type | and Il ABC transport systems are importers (9). They are characterized by a minimal core
of five and ten transmembrane helices (TMHs) as shown for the maltose transporter MalFGK;
or the vitamin By transporter BtuCD from Escherichia coli, respectively (9-11). In contrast, type
[Il ABC importers do not comprise the conserved architecture of two similar TMDs, but consist
of one integral membrane protein (EcfT) and a membrane-embedded substrate-binding protein
(EcfS) (9). These energy-coupling factor (ECF) importers are found in bacteria, Archaea, and
some plant organelles (12, 13). The ABC transporter type IV fold is defined by six
characteristically arranged TMHs as shown for the lipid A-flipping ABC transporter MsbA, the
transporter associated with antigen processing (TAP) or its bacterial ortholog TmrAB (9, 14-18).
Type V ABC transporters have TMD architectures, which differ strongly from the previously
described ABC transporter fold, as shown by the 3.9-A resolution X-ray structure of nucleotide-
free Aquifex aeolicus Wzm-Wzt (19). The transmembrane helices and intracellular loops of Wzm-
Wzt are shorter compared to type IV ABC exporters, resulting in a smaller distance between
NBDs and membrane. Additionally, the NBDs of Wzm-W?zt remain in close contact to each other
even in the absence of nucleotide (9, 19). The lipopolysaccharide-extracting ABC transporter
LptB,FG from Pseudomonas aeruginosa constitutes a novel class of ABC transporters: ABC
transporter type VI (9). For the TMDs LptF and LptG, no helix swapping as in type IV transporters
is observed but the twelve TMHs are all bent outwards, forming a large V-shaped cavity.
Moreover, both TMDs harbor periplasmic -jellyroll-like domains, which presumably release

lipopolysaccharide upon ATP hydrolysis-induced conformational changes (20). The homodimeric



ABC transporter MacB, as part of the MacAB-TolC multidrug efflux pump, is an example for a
type VII ABC transporter (9). The TMDs consist of four helices each, which form a tight dimer,
while the NBDs are clearly separated. Thus, instead of a TMD substrate-binding cavity, the entry

pathway for periplasmic substrates is thought to be located at the membrane-periplasm

boundary (9, 21).

MalFGK,-MBP BtuCD-F Folate ECF transporter MsbA Wzm-Wzt LptB,FG MacB dimer
Type | Type Il Type lll Type IV Type V Type VI Type VI
(a) (b) (©) (d) (e) ) (9)

Figure 1: Representative bacterial ABC transporters. a, X-ray structure of the Escherichia coli maltose importer
MalFGK; in complex with the maltose-binding protein (MBP), maltose, and ATP (PDB: 2R6G; (11)). b, Crystal structure
of the transporter-binding protein complex BtuCD-F from E. coli trapped in an B-y-imidoadenosine 5’-phosphate
(AMP-PNP)-bound intermediate state (PDB: 4FI3; (10)). ¢, X-ray structure of the folate ECF transporter from
Lactobacillus brevis determined in an inward-facing nucleotide-free conformation (PDB: 4HUQ; (13)). d, Cryo-EM
reconstruction of nucleotide-free E. coli MsbA in lipid nanodiscs with bound lipopolysaccharide (PDB: 5TV4; (18)). e,
X-ray structure of a channel-forming O-antigen polysaccharide ABC transporter Wzm-Wzt-homolog from Aquifex
aeolicus (PBD: 6AN7; (19)). f, Crystal structure of lipopolysaccharide-extracting nucleotide-free LptB,FG from
Pseudomonas aeruginosa (PDB: 5X5Y; (20)). g, Cryo-EM reconstruction of the MacB dimer as part of the MacAB-TolC
ABC-type tripartite multidrug efflux pump from E. coli (PDB: 5NIK; (21)). Adapted from (9).

Apart from above-mentioned differences in TMD architecture, a common feature of all seven
classes of ABC transporters is the highly conserved structural domain organization of the NBDs
(Figure 2). During catalysis, the NBDs form tight dimers in a head-to-tail arrangement, forming
two nucleotide-binding sites (12, 22). Within the nucleotide-binding sites, several highly
conserved sequence motifs are essential for coordinating ATP binding and hydrolysis, as well as
for NBD-NBD and NBD-TMD communication (Figure 2) (12). The key motifs Walker A (P-loop)
and Walker B coordinate the phosphates of ATP and supplement the catalytic base essential for
ATP hydrolysis, the C-loop (signature motif) aligns the ATP molecule for ATP hydrolysis (22-25).
Further hallmarks of the NBDs of ABC transporters are the D-loop, which ensures unidirectional
transport across the membrane (26-28), and the Q- and X-loops, which are involved in inter-
domain communication (29) and communication with the TMD coupling helices, respectively

(30). In many ABC proteins (28 out of 48 in humans), one of the two ATP-binding sites is



catalytically inactive due to several amino acid substitutions, suggesting an asymmetric function

of the two NBDs (12, 31).

Figure 2: Domain organization of TAP1 NBD. Important sequence motifs within the NBDs of ABC transporters
exemplarily shown for the NBD of rat TAP1 (PDB: 2IXE) (26, 27). Walker A and B motif: phosphate coordination of the
ATP. Additionally, the Walker B motif provides the catalytic glutamate (24, 25). Q-loop: provides contacts to the TMD
and is thus involved in the interdomain communication (29). D-loop: ensures unidirectional transport (26-28). C-loop

(signature motif): aligns ATP for hydrolysis (22).

During ATP hydrolysis-driven substrate translocation, ABC transporters cycle between inward-
open and outward-open states accompanied by conformational rearrangements within the
NBDs and TMDs, suggesting a trajectory of numerous transient intermediates. In the current
model, which is supported by several X-ray structures of ABC transporters, substrate
translocation follows an alternating access mechanism (12, 15). ATP (and substrate) binding
induce a tight dimerization of the two NBDs in a head-to-tail fashion leading to the assembly of
two nucleotide-binding sites, each sandwiched between the Walker A/B motif of one NBD and
the ABC signature motif of the other NBD (32-35). NBD dimerization causes a conformational
change in the TMDs leading to a transition from an inward-open to an outward-open
conformation to allow for release of the transported substrate. Hydrolysis of ATP and release of
ADP and inorganic phosphate are essential to reset the transporter back into the inward-facing

state (5, 12).

Over the last decades, several structures of ABC transporters determined either by X-ray
crystallography or cryo-EM were reported, mostly exhibiting a variation of the inward-facing
state with partially or fully separated NBDs (16, 32-34, 36-41). Single-particle cryo-EM has made
it possible to visualize ABC transporters that were refractory to crystallization and enabled the

elucidation of transient conformational states of various transporters (9, 42). The first structures



of transition intermediates were presented for the nucleotide-bound homodimeric antibacterial
peptide ABC transporter McjD from Escherichia coli (43), the ATPyS-bound homodimeric peptide
exporter PCAT1 (44), the ADP-bound homodimeric lipid-linked oligosaccharide flippase PglK
from Campylobacter jejuni (45), and the zosuquidar/UIC2-bound human-mouse chimeric ABCB1
(46). Lately, the molecular structures of human ATP-bound outward-facing ABCB1 and bovine
MRP1 were solved by cryo-EM utilizing ATP hydrolysis-incompetent mutants in which the

catalytic glutamates were replaced by glutamines (35, 47).

While these structures provided new insights into the structural dynamics of ABC transporters,
the connection of different structural states of transporters during the catalytic cycle remains to
be elucidated. This is specifically true for heterodimeric ABC transporters, which are
predominant in humans and for which only limited structural information is available. Because
of their involvement in various cellular functions, malfunctioning ABC transporters are the root
cause of a variety of human pathologies, including hypercholesterolemia, lipid trafficking
disorders, and immune deficiency (1, 5). Furthermore, human ABC exporters mediate
chemotherapy resistance of cancer cells during chemotherapy, whereas bacterial ABC proteins
are responsible for multidrug resistance in microorganisms, an emerging global public health
threat (48, 49), highlighting the importance of a complete mechanistic understanding of ABC

transporter-catalyzed substrate translocation.

4.1.1 TAP - a key player of the MHC class | dependent antigen processing pathway

The adaptive immune response of jawed vertebrates is based on a sophisticated protection
system, with TAP as one of the key components (50). Cytosolic proteasomal degradation
products are recognized and translocated by TAP into the lumen of the endoplasmic reticulum
(ER) and are subsequently transferred onto major histocompatibility complex class | (MHC I)
molecules in the macromolecular peptide-loading complex (PLC) (51, 52). The PLC is composed
of the heterodimeric transport complex TAP, the chaperones tapasin and calreticulin, the ER-
resident disulfide isomerase ERp57, the MHC class | heavy chain, and B,-microglobulin (53, 54).
Thermodynamically stable peptide/MHC | complexes dissociate from the PLC and traffic via the
secretory pathway to the cell surface for antigen presentation. Cytotoxic CD8" T-lymphocytes
(CTLs) recognize antigens presented on MHC |, leading to a CTL-mediated elimination of infected

or malignantly transformed cells (50).



TAP is a heterodimer composed of the two half-transporters TAP1 (also known as ABCB2) and
TAP2 (ABCB3) (5, 12, 55, 56). TAP shares the same architecture as other type IV ABC
transporters, composed of a N-terminal TMD and a cytosolic NBD per ABC half-transporter,
which is referred to as coreTAP (cTAP) complex. Additionally, human TAP1 and TAP2 harbor a
specialized N-terminal transmembrane domain (TMDO), a four-TMH bundle, which provides the
interaction platform for the recruitment and assembly of the PLC via the interaction with the
MHC I-specific chaperone tapasin (12, 51, 57). With regards to peptide binding and translocation

as well as the integration of TAP into the ER membrane, the TMDOs are dispensable (58-60).

As major component of the PLC, TAP recognizes proteasomal degradation products and
translocates these peptides into the lumen of the endoplasmic reticulum (ER) for transfer onto
MHC | molecules to trigger the adaptive immune response. This function implies that TAP is
highly selective but has to translocate a wide spectrum of peptides across the ER membrane.
Thus, TAP binds and shuttles preferentially hydrophilic peptides with a length of 8 to 16 amino
acids into the ER, however, longer, even 40-mer peptides can also be transported, but with lower
efficiency (12, 61-64). The N- and C-terminal residues determine the affinity of TAP, allowing the
combination of high selectivity of the transporter and a broad variety of antigenic peptides.
Positively charged residues are favored for the first two positions of the N-terminus, aromatic
residues for the third N-terminal position and basic or hydrophobic residues at the C-terminus
(63, 65, 66). By dynamic nuclear polarization (DNP)-enhanced solid-state nuclear magnetic
resonance (ssNMR) spectroscopy, Lehnert and co-workers deciphered the backbone
conformation of an antigenic peptide in complex with TAP. The high-affinity peptide KRYQNSTVY
was found to bind to TAP in an overall extended conformation with an N-to-C terminus distance
of approximately 2.5 nm, which was in perfect agreement with previously performed pulsed
electron paramagnetic resonance (EPR) distance measurements on a peptide/TAP complex (66,
67). According to previous findings, the affinity and specificity were found be mediated by
multiple recognition sites in the N- and C-terminal regions of peptides (67). Besides peptide
binding, also peptide translocation by TAP was heavily investigated. In 2014, Grossmann et al.
showed that TAP acts as a molecular diode that translocates peptide substrates against the
concentration gradient in a strict unidirectional way (27). By substitution of the conserved
aspartate within the D-loop of TAP1 (D647), the importance of the D-loop in coupling ATP
hydrolysis with peptide translocation was emphasized. The ATP hydrolysis-incompetent
D647A/wt complex decreased the ATP-driven NBD dimerization affinity and thus turned the
unidirectional primary active pump into a passive bidirectional nucleotide-gated facilitator upon

binding of either ATP or ADP (27). In summary, Grossmann et al. showed within this study that



ATP hydrolysis is not required for peptide translocation per se but is essential for active and

unidirectional transport.

TAP is a prime target for the inhibition by viral factors and is involved in tumor development and
infectious diseases (5, 12). Several viruses have developed various mechanisms as immune
escape strategies, including direct inhibition of TAP. The immediate early gene product ICP47
encoded by Herpes simplex virus (HSV-1/2), for example, inhibits binding of antigenic peptides
by acting as a competitive inhibitor of TAP with nanomolar binding affinity (68-70). The type |
membrane glycoprotein US6 encoded by human cytomegalovirus (HCMV) is an example for a
viral glycoprotein, which affects TAP on the ER-lumenal side. US6 causes a trans-inhibition of
TAP by arresting the transporter in a conformational state incapable of ATP binding (71-74).
Another type | membrane protein, which causes a conformational arrest of TAP and therefore
inhibits peptide translocation by TAP, is UL49.5, a viral protein encoded by several
varicelloviruses. UL49.5 has developed different strategies to inhibit peptide translocation via
TAP. On one hand, UL49.5 induces proteasomal degradation of TAP, on the other hand, it arrests
the transporter in a transport-incompetent state without affecting ATP and peptide binding (75,
76). BNLF2a, a tail-anchored protein encoded by Epstein-Barr-virus, abolishes both ATP and
peptide binding (12, 77, 78). Finally, a short ER-lumenal fragment of the type Il membrane
protein CPXV012, which results from a frameshift in the cowpox virus genome, inhibits TAP by
mimicking a high ER-lumenal peptide concentration provoking a trans-inhibition of antigen

translocation (79).

Many functional aspects of the TAP complex were disclosed in recent years. However, structural
information is lacking far behind. Until 2016, structural information was only based on homology
models from the crystallized bacterial exporter Savi866 from Staphylococcus aureus (32),
TM287/288 from Thermotoga maritima (36), mouse ABCB1 (80), and the soluble NBD1 of TAP1
(31), while a high-resolution structure of the heterodimeric TAP complex was eagerly awaited.
In 2016, Oldham et al. determined the structure of human TAP bound to the viral factor ICP47
by cryo-EM (16, 17). This 4.0-A resolution structure revealed the exact position of ICP47 in the
TAP complex and thus the mechanism of ICP47-mediated inhibition of TAP (Figure 3b). ICP47
was found to form a helical hairpin with the 55 N-terminal residues of ICP47 wedging in between
two helical bundles of the TAP complex. ICP47 thus traps TAP in an inactive conformation distinct
from the normal transport cycle by cracking the gating region at the ER-lumenal side open to a
width of approximately 4 A in diameter. No density was observed for the 33 C-terminal residues

of ICP47 due to the high flexibility. ICP47 was found to form strong contacts with TMH3 and



TMH6 of TAP2, whereas the interactions of ICP47 and TAP1 were less extensive (16). These
results are in agreement with a study published by Herbring and co-workers highlighting the
stabilizing properties of an ICP47 fragment (residues 1 to 65) when fused to TAP2, demonstrating
a directionality for optimal ICP47 binding dictated by the asymmetry of the heterodimeric TAP
complex (81). A fundamental step in the understanding of the underlying mechanistic principles
of TAP function was provided by Blees and coworkers (51). Blees et al. isolated the human PLC
from Burkitt’s lymphoma cells stabilized by ICP47 and determined the structure of the fully
assembled human endogenous PLC by single-particle cryo-EM to an overall resolution of 9.9 A.
This cryo-EM structure provided an integral framework for the understanding of the quality

control of peptide/MHC | complexes in adaptive immunity (51).

Figure 3: TAP complex at atomic resolution. a, 2.0-A resolution structure of the rat TAP1-NBD homodimer (D645N
mutant) with two ATP-Mg2* at the dimer interface (PDB: 2IXE, (31)). b, Cryo-EM map of ICP47-bound TAP filtered to
4.0 A resolution. The atomic model (cartoon representation) is fitted into the density map (EMD: 8482, PDB: 5U1D,
(16)). ICP47 (magenta) is wedged between TAP1 (blue) and TAP2 (gold) trapping TAP in a unique inward-facing

conformation.

4.1.2 TmrAB — a model system for heterodimeric ABC exporters

Over the last few years, several bacterial and eukaryotic export systems were identified, which
mediate a multidrug resistance phenotype by translocating a wide range of structurally and
chemically unrelated compounds out of cells (82-84). One prime example of such a bacterial
multidrug export system is the heterodimeric transport complex TmrAB (Thermus thermophilus

multidrug resistance proteins A and B) identified from the Gram-negative thermophilic



eubacterium Thermus thermophilus HB27, which was originally isolated from terrestrial hot
springs in Japan (83, 85). In 2004, the whole genome of T. thermophilus was sequenced,
revealing at least 42 complexes to be primary transporters belonging to the ABC protein family.
However, TmrA (TTC0976) and TmrB (TTC0977) were the only two ABC half-transporters found
(86). TmrAB shares the same conserved architecture as most ABC export systems, comprised of
two half-transporters encoded by one polypeptide chain each, which are arranged in a pseudo-
twofold symmetric manner. The transmembrane domain (TMD) of each half-transporter is
composed of six transmembrane helices (TMHs), which are organized in a domain swapping
arrangement, where each wing is composed of TMH1-TMH3 and TMH6 of one subunit and
TMHA4-5 of the other subunit (14, 83). The NBDs contain the conserved Walker A, Walker B, and
ABC signature motif, as well as the Q-loop, D-loop, and H-loop, but one half-transporter
contributes to a catalytically inactive, degenerate ATP-binding site. This functional asymmetry
within the NBDs is the result of a substitution of the putative catalytic glutamate next to the

Walker B motif by an aspartate (83).

TmAB is an exceptionally versatile export system with an extremely broad substrate specificity.
Already in 2011, Zutz et al. presented TmrAB-mediated Hoechst 33342 uptake in inside-out
vesicles. Detergent-solubilized TmrAB was shown to turn over 9 molecules of ATP per second at
a permissive temperature of 68 °C (83). Apart from drugs, TmrAB has been demonstrated to
translocate and concentrate peptide substrates up to 4000-fold in an ATP-dependent manner
into liposomes (15). Additionally, an involvement of TmrAB in glycolipid translocation is
discussed, based on the liquid chromatography-mass spectrometry performed by Bechara et al.
(87). Upon applying an extensive delipidation protocol, a selectivity of TmrAB for negatively
charged lipid species was observed. Among various phosphatidylglycerol (PG) species, also
hepta- and tetra-acylated lipid A species were found to be tightly attached to TmrAB. Only upon
applying hydrolyzing conditions, retained lipid A species were displaced and no rebinding was
observed. In contrast, upon incubation of TmrAB with the non-hydrolysable ATP analogue AMP-
PNP or utilizing an ATPase-deficient mutant of TmrAB, the population of bound lipid A species
remained the same. Based on these results, Bechara and co-workers concluded that
conformational changes of the NBDs are necessary for lipid A displacement, and therefore

proposed a role of TmrAB in glycolipid translocation (87).

Many functional aspects of substrate translocation by TmrAB were disclosed in recent years,
showing that TmrAB can serve as a model system for (heterodimeric) ABC export systems in

general. Additionally, it was shown that TmrAB can be regarded as an ortholog of human TAP,



because it does not only share structural homology with TAP, but is also able to restore antigen

presentation in human TAP-deficient cells by translocating antigenic peptides (15).

In 2015, Kim and co-workers provided first insights into the structure of TmrAB by the
determination of a subnanometer-resolution single-particle cryo-EM reconstruction of
detergent-solubilized TmrAB in a nucleotide-free conformation, utilizing a Fab (fragment antigen
binding) as fiducial marker (14). Within this study, TmrAB-binding Fabs were isolated from a
human naive B-cell Fab phage-displayed library and analyzed for their ability to form rigid
complexes with TmrAB. Two Fabs (AH5 and BA6), which had the highest relative affinities, were
used for cryo-EM, and three-dimensional reconstructions of TmrAB/Fab complexes were
determined. The density map of the TmrAB/AH5 complex with an overall resolution of 8.2 A was
of sufficient quality to clearly resolve secondary structure features (Figure 4a) (14). In 2017, the
nucleotide-free inward-facing state of TmrAB was further investigated by X-ray crystallography.
Noll et al. presented the 2.7-A X-ray structure of detergent-solubilized TmrAB in a unique
asymmetric nucleotide-free inward-facing state (Figure 4b). This structure, together with the X-
ray structure of the ABC exporter TM287/288 from the thermophilic bacterium Thermotoga
maritima are the only crystal structures of heterodimeric ABC exporters encompassing a
degenerate nucleotide-binding site so far (36, 88). In the nucleotide-free state, TmrAB adopts a
unique asymmetric conformation, with the extracellular gate tightly sealed, but a cavity within
the TMDs open to the cytosol. Kim et al. observed significant extra density in this cavity bound
to TMH5 of TmrB and speculated that this density is attributable to a co-purified lipid or
detergent molecule (14). Additionally, a lateral gate is formed by TmrB at the intracellular side
of the membrane, enabling the transporter to accommodate potential hydrophobic substrates
(14, 15). Another remarkable structural feature of TmrAB are the C-terminal helices of the half-
transporters, referred to as zipper helices. N6ll and co-workers investigated the importance of
the rearrangement of the zipper helices during substrate translocation by disulfide cross-linking
of an introduced cysteine pair, combined with subsequent transport studies and deletion of the
zipper helices. In both cases, the translocation activity of TmrAB was shown to be drastically
reduced, suggesting an important role of the zipper helices in guiding the conformational

changes associated with substrate translocation (15).

In line with the understanding of the structural rearrangements of TmrAB during substrate
translocation, Barth et al. investigated the transition from the inward-open to the outward-open
conformation using pulsed electron-electron double resonance spectroscopy (PELDOR/DEER).

Addition of increasing ATP concentrations resulted in a tunable equilibrium between the inward-



and outward-open conformation, indicating that ATP binding to TmrAB, rather than ATP
hydrolysis, is sufficient to drive dimerization of the NBDs and opening of the extracellular gate

(89).

zipper helices zipper helices

Figure 4: Nucleotide-free inward-facing conformation of TmrAB. a, Cryo-EM map of the TmrAB/AH5 complex filtered
to a resolution of 8.2 A. The atomic model of TmrA (blue) and TmrB (orange) is fitted into the density map (EMD:
6085, (14)). b, Cartoon representation of the 2.7-A X-ray structure of TmrA (blue) and TmrB (orange) (PDB: 5MKK,
(15)).

4.2 Scaffold proteins as lipid-bilayer mimics

20-30% of open reading frames of sequenced genomes account for membrane proteins (90),
which play essential roles in many cellular processes, such as membrane transport, cell-to-cell
communication, signal transduction, or lipid and energy metabolism (91). Due to their high
abundance and key functions, membrane proteins are prime drug targets (92). In order to study
membrane proteins in vitro, they have to be isolated from their native lipid environment. This
membrane protein extraction is most commonly done using detergents. However, due to the
dissociating properties of detergents, structurally and functionally important lipids might get

lost, resulting in a loss of protein stability and function (93).

The impact of associated lipids on protein function has been highlighted for both ABC
transporters investigated in the current study: In 2015, Bechara et al. monitored progressive

delipidation of TmrAB by nano-electrospray mass spectrometry upon addition of an excess of
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detergent and incubation at physiological temperatures (87). By applying this extensive
delipidation protocol, only the most tightly bound lipids remained associated with TmrAB,
resulting in a reduction of ATPase activity by about 60-70%. Additionally, when using shorter-
chain detergents, such as octyl glucoside, TmrAB precipitated, which confirms the importance
of bound lipids to the stability of the transporter (87). For TAP, Schdlz et al. established a
reconstitution protocol for functional TAP into proteoliposomes, which allowed the authors to
systematically investigate the modulation of TAP function by specific lipids (94). Strikingly, upon
reconstitution of TAP into large unilamellar vesicles composed of E. coli polar lipids, all functional
parameters determined for TAP in membranes could be restored. By liquid chromatography
Fourier transform mass spectrometry, phosphatidylethanolamine and phosphatidylinositol
were identified as being essential for TAP function. The data indicate that loss of TAP function is

directly associated with delipidation (94).

The drawbacks of detergents in membrane protein extraction have spurred the development of
membrane model systems to study membrane proteins in a native-like lipid environment. One
prime example of such a membrane mimetic system is the nanodisc technology developed by
the laboratory of Stephen G. Sligar. With the introduction of the nanodisc system, Sligar and co-
workers have provided a straightforward approach for the production of stable, discoidal
bilayers of defined size and composition (95, 96). Initially, the membrane scaffold protein (MSP),
which encloses the lipid bilayer, was based on the human ApoA1l protein component of high
density lipoprotein particles (Figure 5) (97), however, the original MSP was further optimized
with regard to stability and size. As a consequence of the strong tendency of phospholipids to
form bilayers and the stabilizing effect of the amphipathic helix structure provided by the
scaffold protein, the MSPs self-assemble into discoidal particles due to the interaction with lipid
acyl chains (98). Membrane proteins can be reconstituted into nanodiscs by mixing solubilized
membrane proteins with a solubilized lipid mixture of choice and the MSP, followed by a gradual
removal of detergent via dialysis or bead adsorption (99). This self-assembly protocol can be
adjusted to the required conditions including temperature, choice of detergent, lipid
composition, stoichiometric ratio, and presence of cofactors as stabilizing agents (98). By
utilizing MSPs with appropriate lengths, nanodiscs of various sizes can be assembled (up to
17 nm in diameter (100)). One major advantage of nanodiscs in comparison to liposomes or
other scaffold proteins, such as the inherently polydisperse styrene maleic acid (SMA) polymers
(101), is the overall stability of assembled discs over a period of days to weeks (98). Over the
past decade, the nanodisc technology has proven to be applicable to a variety of membrane

protein classes and was utilized not only for functional, but also for structural studies, including
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cryo-EM, EPR, and NMR. Examples include the structure of TRPV1 (Transient Receptor Potential
cation channel subfamily V member 1) in the unliganded, agonist-bound, and antagonist-bound
states at resolutions of 3.2, 2.9, and 3.4 A, respectively (98, 102). Recently, the structural basis
for MsbA-mediated lipopolysaccharide recognition was elucidated by delineating the

conformational transitions of nanodisc-embedded MsbA by cryo-EM (18).

Figure 5: Structure of apolipoprotein A-l. 4.0-A resolution X-ray structure of one molecule of truncated (A1-43)
human apolipoprotein (apo) A-l (residues 44-243). The apo A(1-43)A-1 monomer consists primarily of a pseudo-
continuous amphipathic o-helix that is punctated by kinks at regularly spaced proline residues. Because of the
curvature of the molecule, the apo A(1-43)A-I monomer adopts a sharply curved horseshoe-like shape, placing the N-

and C-termini near one another (103).

Besides to MSPs, saposins were established as alternative scaffold proteins. In contrast to the
classical nanodisc system with defined diameters dictated by the length of the MSP, saposins do
not have any size limitations, but adapt to the size of the inserted membrane protein (91).
Saposins are small, membrane-active proteins that exist in both soluble and lipid-bound states.
Thus, saposins can form lipoprotein particles and were used to solubilize membrane proteins
(91, 93, 104). In 2016, Frauenfeld et al. have presented a saposin-lipoprotein nanoparticle
system, called Salipro, that is based on saposin A as scaffold protein (91). Frauenfeld and co-
workers provided a protocol for the reconstitution of fragile membrane protein complexes into
saposin-lipoprotein particles for functional and structural studies. Saposin A, a member of the
saposin-like protein family (105), is composed of amphipathic helices and six invariable cysteine
residues that form disulfide bridges (Figure 6). Utilizing the Salipro system, Frauenfeld et al.
determined the structure of the homotetrameric proton-coupled oligopeptide transporter
(POT) complex to subnanometer resolution. Since the POT complex harbors almost no structural
features sticking out of the plane of the membrane, structure determination may have been
facilitated by the saposin-lipid scaffold, which is relatively small and enhances the contrast in
cryo-conditions (91). In the beginning of 2018, the importance of saposin-lipid-particles for
membrane protein research was further highlighted by Flayhan et al. By utilizing saposin A as

scaffold and analyzing different lipid compositions, Flayhan and co-workers presented the
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successful reconstitution and stabilization of various membrane proteins harboring up to 56
transmembrane helices (93). A further advantage of saposin A as scaffold protein was
demonstrated by Nguyen et al. (106). Nguyen et al. determined the structure of a mitochondrial
calcium uniporter orthologue from Neosartorya fischeri (NFMCU) reconstituted into saposin-
lipoprotein particles by phase-plate cryo-EM to 3.8 A resolution. Former efforts of structure
determination failed due to the channel’s flexibility in nanodiscs, orientation bias in amphipols,
and because of protein instability in detergent during the freezing process. The intrinsic property
of saposin A to adapt to inserted membrane proteins, and thus maintaining inserted membrane
proteins in an artificial lipid bilayer with a diameter being proportional to the transmembrane
domains, allowed for successful high-resolution structure determination of NFMCU, which was
encircled by six saposin A molecules, each forming a C-shaped clamp at an angle of

approximately 45° to the central axis (106).

Figure 6: Structure of saposin A. 1.9-A resolution X-ray structure of the open conformation of saposin A crystallized
in the presence of LDAO (PDB: 4DDJ). The structure reveals two chains of saposin A in an open conformation
encapsulating 40 internally bound detergent molecules organized in a highly ordered bilayer-like hydrophobic core

(104).

4.3 Conformational trapping of membrane proteins

During substrate translocation, ABC transporters cycle between inward- and outward-open
conformations, which are accompanied by various intermediary states. To gain further insights
into the different conformational states, which are essential for a comprehensive understanding
of the transport cycle, it is important to reduce the conformational flexibility by locking unique
native conformations. One promising approach to stabilize distinct conformations is to lock and
inhibit ABC transporters with immunoglobulin fragments. Various studies have shown that

antibodies can serve as chaperones to enhance protein stability. More frequently, antibodies
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are used as auxiliary agents to improve the crystallizability of membrane proteins by increasing

the hydrophilic surface and by decreasing conformational flexibility (107).

In 2017, Taylor et al. presented the first high-resolution structure of a human multidrug
transporter complexed by two antigen-binding fragments (108). This 3.8-A resolution
reconstruction of nanodisc-embedded human ABCG2 was determined with two 5D3-Fabs bound
to extracellular loops of the ABC transporter, clamping the ABCG2 monomers together to
preclude the formation of an outward-facing state. The Fabs did not only have an inhibitory
effect, but also facilitated data processing by serving as an alignment tool. A similar approach
has been already employed in 2015 for TmrAB, when Kim et al. identified five Fabs from a human
naive B-cell Fab phage-displayed library that formed stable complexes with TmrAB. These Fabs
allowed the authors to determined three-dimensional reconstructions of TmrAB/Fab complexes

to sub-nanometer resolution by cryo-EM (14).

4.3.1 Synthetic antibody fragments

The group of Anthony Kossiakoff (University of Chicago) has successfully established a general
approach for the high-throughput screening and generation of synthetic antibody fragments
(sABs) with high affinity, which can serve as stabilizing chaperones for structure determination
of highly dynamic and unstable membrane proteins (Figure 7a). The advantage of this fully
synthetic system is the opportunity to produce and select high-performance antibodies with
customized properties (109). It was previously demonstrated that antibody fragments can serve
as efficient stabilizing chaperones, hence the major difference of this strategy is not only the use
of a synthetic phage-displayed library, but also of a functional minimalist library with restricted
codon diversity (110). Since it is known that residues at certain complementarity-determining
region (CDR) positions are preferentially involved in antigen binding and that certain types of
amino acids enable productive binding contacts (111, 112), the library was designed using a
restricted binary amino acid code of tyrosine and serine embedded in the highly stable
humanized 4D5 Fab framework (109). Different libraries with increasing complexity and diversity
based on the novel reduced genetic code concept were synthesized to obtain synthetic
antibodies, which bind their antigen with affinities in the nanomolar range (110). The simplest
library was diversified using the binary Tyr/Ser code only on paratope residues comprising the
three heavy chain CDRs and solvent accessible paratopes in CDR-H1 as well as CDR-H2 (110).
Chemical variability of the most complex and diverse library was greatly increased by diversifying

CDR-H3 with an increased chance for the incorporation of tyrosine, serine, and glycine, and
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exclusion of cysteine. The effectiveness of the different libraries was compared by the selection
of antibodies against human vascular endothelial growth factor (hVEGF), resulting in high-

affinity antibodies obtained from the most diversified library (110).

In 2016, Dominik et al. combined the previously described libraries with a novel antibody
selection procedure to generate synthetic antibodies, which stabilize transient functional states
of membrane proteins in a native-like lipid environment (113). To overcome the limitations of
detergent-solubilized samples, such as loss of membrane protein stability and function,
conformational bias, and insufficient biotinylation efficiency, Dominik et al. presented a
nanodisc-based approach: Dominik and co-workers embedded membrane proteins in lipid-filled
biotinylated nanodiscs, which were captured on streptavidin-coated magnetic beads for phage-
displayed library sorting. The phage display selection approach is based on the incorporation of
antibody-encoding genes into the phage chromosome, initially described by George P. Smith in
1985 (114) and further developed by McCafferty et al. in 1990 (115). For display of the
antibodies on the surface, different bacteriophage systems can be utilized (e.g. T4, lambda,
M13). Antibodies are mostly fused to the P3 coat protein of filamentous M13 phages. Since P3
is present in 3-5 copies per phage, the display system was designed as a minimal plasmid system
to avoid multivalence effects. This minimal plasmid system is based on a phagemid vector, which
only contains the genes encoding an antibiotic marker, the antibody-coat protein fusion, and
the regions of the M13 chromosome required for rolling circle amplification and the production
of the (+) DNA strand, which is capable of being packed into a phage. To produce new phages,
E. coli cells harboring the phagemid vector are infected with a helper phage, which contains the
complete M13 genome and is essential for phage assembly. Thus, the vast majority of the
phages does not display any fusion protein, and the ones that display the fusion will only contain
a single copy (116, 117). In general, phage-displayed library sorting is divided into 5 steps: phage
addition, binding, washing, elution, and amplification. In case of the selection of synthetic
antibodies, membrane protein-containing nanodiscs were captured, and library-displaying
phages were added. Non-binding phages were removed by several washing steps. By the
addition of detergent, nanodiscs were disrupted and phages were eluted for infection of E. coli
cells and phage amplification. To avoid the enrichment of lipid- and MSP-binding synthetic
antibodies, empty nanodiscs were added as soluble competitors (typically in a 5-10-fold molar
excess). Upon sorting, single clones were produced and screened to determine the initial binding
properties. By applying this approach for two different membrane proteins (a small YidC
homolog from Methanocaldococcus jannaschii, Mj0480, and a pentameric magnesium ion

channel from Thermotoga maritima, CorA), Dominik et al. obtained 14 and 10 unique synthetic
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antibodies, respectively, with nanomolar affinities for their respective targets and virtually no
affinity for empty nanodiscs (113). One of the high-affinity synthetic antibodies generated
against biotinylated nanodisc-reconstituted M;j0480 facilitated the formation of crystals that

diffracted to 3.5 A (118).

4.3.2 Nanobodies

Besides the conventional heterotetrameric IgG antibodies, which are composed of two identical
heavy-chain and two identical light-chain polypeptides connected by disulfide bridges, a peculiar
exception was found in sera of Camelidae (119). In addition to conventional 1gGs, camelids
(camels, llamas, vicugnas) have evolved antibodies composed only of heavy chains. Remarkably,
a further type of heavy chain-only antibodies was found in nurse shark, wobbegong, and perhaps
spotted ratfish, termed Ig-NAR (immunoglobulin new antigen receptor). In both cases, the
antigen-binding domain is composed of just one variable domain, designated VuH (variable chain
of a heavy chain-only antibody) or nanobody for camels and V-NAR for cartilaginous fish (119,
120). In comparison to conventional antibodies, nanobodies possess an extended CDR3 to
compensate for the loss of the light chain. Thus, nanobodies have acquired a higher structural
complexity by involving more residues in antigen binding (120). As an important side effect of
the extended CDR3, nanobodies exhibit a unique three-dimensional structure, allowing the
binding of specific epitopes that cannot be reached by the concave antigen-binding region of
conventional antibodies (121). In general, the CDRs of nanobodies are typically longer, more
protruding, and lack steric interference from the light chain (120). By immunization of Camelidae
with an antigen of choice, followed by cloning of the gene repertoire from peripheral blood
lymphocytes and selection by a display system, such as phage or yeast display, high-affinity
antigen-specific nanobodies can be easily obtained (119). Due to the small size (encoded by a
gene fragment of roughly 360 base pairs, Figure 7b), nanobodies are easily cloned and expressed
as recombinant proteins that are highly soluble, robust, and can be engineered into multivalent
and multispecific formats (120). Due to the above-mentioned structural advantage as well as
the high stability and affinity, nanobodies represent an auspicious research tool to develop
future diagnostic and therapeutic applications. One recent example for nanobodies as diagnostic
tools is the development of a nanobody-based luminescence sandwich assay (named DeplD:
Dual epitopes protein Identification) for the quantification of the soluble form of CD38 (sCD38)

in the plasma of patients suffering from multiple myeloma (122).
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In addition to diagnostic and therapeutic approaches, nanobodies find broad application as
research tools in structural biology. Besides antibody fragments derived from conventional
heterotetrameric antibodies, nanobodies were successfully used as crystallization chaperones
(123-125). The Steyaert lab (University of Brussels) has established the use of nanobodies as
research tools in structural biology (126), recently shown by the nanobody-dependent
stabilization of the agonist-bound, active state of human [B,AR (B, adrenergic receptor) (123,
124). This nanobody was selected via phage display from a nanobody library based on the B-cell
repertoire of an immunized Lama glama. For the generation of the nanobody library, 100 pg of
agonist-bound G protein-coupled receptor (GPCR) reconstituted at high density into liposomes
were injected weekly over a time period of six weeks intravenously into the llama. After the
immunization procedure, lymphocytes were isolated, total RNA was prepared, reverse
transcribed and nanobody-coding sequences were amplified and cloned into a phage display
vector (123). Two selection rounds of phage-displayed library sorting were performed and GPCR-
conformation-specific nanobodies were isolated. One of the selected nanobodies (Nb80)
increased the B,AR affinity for its agonist isoproterenol 100-fold, indicating that Nb80 exhibits
G protein-like behavior. This particular nanobody finally facilitated crystallization of the agonist-

bound, active state of human [3,AR (123, 124).

In 2013, the crystal structure of mouse ABCB1 in its inward-facing state complexed with a
nanobody (Nb592) was published, revealing a unique mechanism of inhibition of ABC
transporters (127). By binding to NBD1 of ABCB1, the nanobody hindered the formation of an
ATP hydrolysis-competent dimer sandwich, resulting in an almost complete inhibition of the
ATPase activity, highlighting the potential of nanobodies as arrestors of selected functional

states of membrane proteins.

4.3.3 Cyclic peptides

In the past decades, biologists and chemists have explored the various properties and biological
roles of peptides and related natural products in nature, including hormones, neurotoxins and
antimicrobial peptides (128). These efforts have led to the development of new antibiotics,
hormonal drugs such as vasopressin and oxytocin as well as the economical production of
recombinant insulin (129), making this class of molecules a fundamental cornerstone in
pharmaceutical industry today. Due to the sheer size of the chemical space of peptide natural
products, the majority of peptide drugs on the market to date are either natural products or

natural product derivatives. However new technologies for de novo peptide discovery have
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emerged, such as phage display or mRNA display, allowing the generation of peptides against
virtually any protein of interest (130). In 2014, Kodan et al. elucidated a novel peptide (Figure
7c), which allosterically locks a eukaryotic homolog of P-glycoprotein, CmABCB1, from
Cyanidioschyzon merolae in the inward-facing state by clamping the transmembrane helices
from the extracellular side (131). Co-crystallization of CmABCB1 with the macrocyclic peptide
inhibitor prevented the transition to the outward-facing state, thus enhancing crystallization.
The final structure could be solved with a resolution of 2.4 A, showing that the inhibitor binds
adjacent to the lipid bilayer. The peptide inhibitor was discovered from an artificial, ribosomally
expressed cyclic peptide library using the FIT-RaPID (Flexible in vitro Translation - Random
nonstandard Peptide Integrated Discovery) technology developed by Suga and co-workers
(132). In essence, the FIT-RaPID platform combines genetic code reprogramming, allowing
incorporation of non-standard amino acids with mRNA display of the in vitro translated peptides.
Using the FIT-RaPID platform, up to 10* different peptides can be analyzed in parallel for target
binding. This diversity allows for robust identification of tightly binding macrocyclic peptides
with Kp values in the lower nanomolar range and ring sizes typically ranging between 10-17
amino acids (132). In the FIT system, specific tRNAs are pre-aminoacylated with the amino acid
of choice and supplemented to a reconstituted in vitro translation system. Aminoacylation of
tRNAs with non-standard amino acids has been achieved either chemically, enzymatically or in
the case of FIT by means of ribozymes. These so called Flexizymes have been discovered by
SELEX and further engineered to catalyze the reaction of activated amino acids (e.g. cyano-
methyl ester or 3,5-dinitrobenzyl ester) with the 3’ hydroxyl group of tRNAs. These ribozymes
specifically recognize the CCA-overhang of tRNAs, however with regard to the amino acid
substrate the only requirement is an aromatic moiety either in the side-chain or the activating
group. As thus, flexizymes are highly versatile, accepting a broad range of activated amino acids,
including N-modified amino acids, D-amino acids, B-amino acids and various side chain
modifications (133, 134). Reconstituted in vitro translation systems are composed of individually
purified parts of the translation machinery (including ribosomes, initiation factors, elongation
factors, release and recycling factors, and aminoacyl tRNA synthetases, in addition to an energy
recycling system, tRNAs, amino acids, nucleoside triphosphates (132, 135)). Therefore, such in
vitro translation systems can be readily customized for desired applications, especially genetic
code reprogramming by omitting the reprogrammed amino acid or aminoacyl tRNA synthestase
as well as mRNA display by excluding a release factor. A hallmark of bioactive peptide natural
products is macrocyclization, which rigidifies the three-dimensional structure of the peptide
leading to improved binders as well as decreased susceptibility to proteases. In the case of FIT,

various chemistries have been explored for macrocyclization, however incorporation of
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2-chloroacetyl amino acids in the initiator position together with a downstream cysteine has
been shown to be a highly robust and convenient strategy for cyclization via thioether
formation, and has become the dominant strategy within the RaPID system (132). A RaPID
selection typically includes five steps: (I) a DNA library is transcribed into mRNA, which is
subsequently ligated to a puromycin oligonucleotide at the 3’ end, (ll) FIT in vitro translation
ultimately leads to a covalent linkage between the nascent peptide and the cognate mRNA via
puromycin, (lll) the mRNA display constructs are reverse transcribed, (IV) putative binders are
isolated through affinity panning using the immobilized protein of interest and (V) the cDNA of
binding peptides is isolated and amplified by PCR. This process can be repeated in an iterative
fashion, leading to significant enrichment of binding peptides (136). The major advantage of this
technique is the extremely rapid generation (days to weeks) of peptides with very high target
affinities and specificities displaying non proteinogenic amino acid functionalities. (132). Besides
the above-mentioned example, many more studies exist, highlighting the outstanding
possibilities of tailor-made peptides prepared using the RaPID technology. One further example
with regards to structure determination of membrane proteins is the generation of macrocyclic
peptides that bind to the bacterial multidrug and toxic compound extrusion (MATE) transporter
from Pyrococcus furiosus (137, 138). Hipolito and Tanaka et al. have presented structures of the
H*-driven PfMATE transporter in complex with three thioether-macrocyclic peptides (MaD5,
MaD3S, MaL6) determined to resolutions of 3.0, 2.6, and 2.5 A, respectively. Based on their
inhibitory bioactivity, the peptides presented in this study may represent new scaffolds for the

development of potent inhibitors of MATE transporters from bacteria and eukaryotes (137).

Figure 7: Tools to lock specific conformations of dynamic membrane proteins. a, anti-MBP sAB (PDB: 5BK1, (139)).
b, Nanobody against a soluble trimeric envelope protein derived from HIV-1 subtype C (PDB: 5U65, (140)). c,
Macrocyclic peptide aCAP generated against CmABCB1 and utilized for co-crystallization (PDB: 3WMG, (131)).
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5. Aims and motivation

ABC transporters translocate a multitude of chemically diverse substrates across biological
membranes. Malfunctioning ABC transporters are thus the root cause of a variety of human
pathologies, including hypercholesterolemia, lipid trafficking disorders, and immune deficiency.
Furthermore, ABC transporters confer multidrug resistance, an emerging global public health
threat. Since the fundamental catalytic principles are thought to be shared among all ABC
transporters, insights into the architecture and structural rearrangements during substrate
translocation will not only deepen our understanding of human physiology, but are also of
immediate clinical relevance . During ATP-driven substrate translocation, ABC transporters cycle
between inward-open and outward-open states accompanied by conformational
rearrangements within the NBDs and TMDs, suggesting a trajectory of numerous transient
intermediates. Over the last few decades, several structures of ABC transporters determined
either by X-ray crystallography or electron cryo-microscopy were reported. While these
structures provided new insights into the structural dynamics of ABC transporters, the
connection of different structural states of transporters during the catalytic cycle remains to be
fully elucidated to understand the key events and conformational transitions that couple ATP
binding and hydrolysis to substrate translocation. This is specifically true for heterodimeric ABC
transporters, which are predominant in humans and for which only limited structural

information is available.

One prime example of such heterodimeric human ABC transporters is the transporter associated
with antigen processing (TAP) exhibiting two non-equivalent NBDs, with one half-transporter
contributing to a catalytically inactive ATP-binding site. Recently, a heterodimeric ABC export
system from a thermophilic eubacterium called TmrAB (Thermus thermophilus multidrug
resistance proteins A and B) was identified, which does not only share structural homology with
TAP, but is intriguingly also able to fully restore antigen presentation in human TAP-deficient
cells. Moreover, it has been shown that TmrAB is an exceptionally versatile export system with
an extremely broad substrate specificity that covers the substrate spectrum of the antigen
translocation complex TAP. Thus, TmrAB is a biochemically well-characterized ABC exporter that
can be regarded as a functional ortholog of TAP and serves as a model system for

(heterodimeric) human ABC export systems in general.

In 2016, the 4.0-A resolution structure of inward-facing TAP in complex with the viral inhibitor

ICP47 was determined by cryo-EM, revealing the molecular basis of one immune evasion
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mechanism employed by Herpesviridae (16). Recently, the crystal structure of TmrAB at 2.7 A
resolution in a unique asymmetric inward-facing conformation was published (15). Together
with the subnanometer-resolution cryo-EM structure of TmrAB previously presented by Kim et
al. in 2015 (14), these structures represent snapshots of inward-facing states of both ABC
transporters. Nonetheless, for a complete understanding of the conformational rearrangements
of TAP and TmrAB during their catalytic cycle, additional structures of catalytic intermediates
are needed. A promising approach for the characterization of transient conformational states,
essential for the understanding of mechanistic properties, is the conformational trapping by

stabilizing chaperones.

Thus, to illuminate the molecular basis of substrate translocation of TAP and TmrAB by single-
particle cryo-EM, synthetic antibodies, nanobodies, and macrocyclic peptides will be generated
and analyzed with respect to stable complex formation, conformational trapping, and the ability
to serve as fiducial marker/alignment tool (synthetic antibodies/nanobodies). Additionally, to
enable optimal EM-imaging, TAP and TmrAB samples will be optimized with regards to contrast
(signal-to-noise), stability, and homogeneity by screening different detergents, exchanging
detergents for amphipols, adding fixation reagents, and embedding the transporters into a
native lipid environment utilizing either the classical membrane scaffold protein MSP1D1 or

saposin A.

Besides the generation of antibodies/cyclic peptides as stabilizing chaperones, various ligands
will be added to nanodisc-embedded TmrAB to elucidate the conformational rearrangements
during ATP hydrolysis and peptide translocation in a native-like lipid environment. Altogether,
this study will provide a general transport mechanism, which is applicable to all heterodimeric
(type 1V) ABC exporters, and answer the controversial and in the ABC transporter field heavily
discussed question, which step of the hydrolysis cycle provides the power stroke for substrate

translocation.
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6. Material

6.1 Antibodies and antibody fragments

Table 1: Antibodies used for immunoblotting.

Antibody Reactivity Host Supplier Dilution
Anti-TAP1 (clone 148.3) Human Mouse (141) 1:20
Anti-TAP2 (clone 435.3) Human Mouse (141) 1:20
Monoclonal anti-His (clone HIS-1) - Mouse Sigma-Aldrich 1:3,000
CaptureSelect™ Biotin anti-C-tag - - Life technologies  1:4,000
conjugate

Anti-mouse IgG peroxidase Mouse Goat Sigma-Aldrich 1:10,000
conjugate

Anti-mouse IgG, alkaline Mouse Goat Sigma-Aldrich 1:1,000

phosphatase-conjugated

HRP-conjugated streptavidin - - Thermo Scientific 1:4,000

6.2 Bacterial strains

Table 2: Escherichia coli strains.

Name Genotype

Supplier

DH5aq F- $80/acZAM15 A(lacZYA-argF) U169 recAl endAl
hsdR17(r«, mk*) phoA supE44 thi-1 gyrA96 relAl A~

Life technologies

BL21(DE3) FompT hsdSB (rs, me’) galdcmme131 (DE3) pLysS (CamR) Life technologies
Rosetta—gamiTM 2( DE3) A(ara-leu)7697 AlacX74 AphoA Pvull phoR araD139 ahpC Novagen
gale galK rpsL (DE3) F’'[lact lac19 pro] gor522::Tn10 trxB
pLysSRARE2 (CamR, Strf, TetR)
TG1 [F" traD36 proAB lac19ZAM15] supkE thi-1 A(lac-proAB) Lucigen
A(mcrB-hsdSM)5(rk — mK -)
XL1-blue recAl endAl gyrA96 thi-1 hsdR17 supE44 relAl lac Stratagene

[F'proAB lac19ZAM15 Tn10 (Tet")]
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6.3 Buffers

Table 3: Summary of commonly used buffers.

Buffers Composition

AEBSF solution PBS, pH 7.5 1x
AEBSF (protease inhibitor; 4 mg/ml
Carl Roth)

Blocking (ELISA, phage display) PBS, pH 7.5 1x
skimmed milk powder/BSA 2% (w/v)
(biotin) 5mM

Blocking (immunoblot) PBS-T, pH 7.5 1x
skimmed milk powder 2% (w/v)

Coomassie staining solution methanol 40% (v/v)
glacial acetic acid 10% (v/v)

Coomassie Brilliant Blue G-250

0.1% (w/v)

ECLI Tris-HCI, pH 8.0 100 mM
luminol 2.5mM
coumaric acid 0.4 mM
ECLII Tris-HCI, pH 8.0 100 mM
H,0, 0.02% (v/v)
Ficoll gradient (0%) HEPES-NaOH, pH 7.5 20 mM
NaCl 140 mM
glycerol 5% (v/v)
Ficoll gradient (10%) HEPES-NaOH, pH 7.5 20mM
NaCl 140 mM
glycerol 5% (v/v)
Ficoll 10% Ficoll
GraFix 10% solution HEPES-NaOH, pH 7.4 20 mM
NaCl 200 mM
KClI 50 mM
GDN 0.05% (w/v)
glycerol 10% (v/v)




GraFix 30% solution HEPES-NaOH, pH 7.4 20 mM
NaCl 200 mM
KCI 50 mM
GDN 0.05% (w/v)
glycerol 30% (v/v)
glutaraldehyde 0.2% (v/v)
Liposome lysis PBS, pH 7.5 1x
SDS 1% (w/v)
Liposome stop PBS, pH 7.5 1x
EDTA 10 mM
MSP lysis Tris-HCI, pH 8.0 40 mM
NaCl 300 mM
Triton X-100 1% (v/v)
MSP storage Tris-HCI, pH 8.0 40 mM
NaCl 300 mM
glycerol 10% (v/v)
NAV binding NaHCOs, pH 8.2 100 mM
Nb lysis Tris-HCI, pH 8.0 20 mM
NaCl 100 mM
Nb purification Tris-HCI, pH 8.0 20 mM
NaCl 300 mM
imidazole 300 mM
Nb storage HEPES-NaOH, pH 7.5 20 mM
NaCl 150 mM
Nb wash Tris-HCI, pH 8.0 20 mM
NaCl 300 mM
imidazole 50 mM
Peptide binding PBS, pH 7.4 1x
GDN 0.05% (w/v)
Peptide elution PBS, pH 7.4 1x
SDS 1% (w/v)
Phosphate buffered saline (PBS) Na;HPO, 0.8 mM
NaH,PO4 0.1mM
NaCl 13.7 mM
KCl 0.3 mM
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PBS-T PBS, pH 7.5 1x
Tween-20 0.05% (v/v)
Reconstitution HEPES-NaOH, pH 7.5 20 mM
NaCl 140 mM
glycerol 5% (v/v)
SABs lysis NasPO,4, pH 7.4 20 mM
NaCl 500 mM
PMSF 1mM
DNase 2mM
sABs storage HEPES-NaOH, pH 7.5 20 mM
NaCl 150 mM
sABs wash NasPO., pH 7.4 20 mM
NaCl 500 mM
Saposin lysis/SEC HEPES-NaOH, pH 7.5 20 mM
NaCl 150 mM
Silver staining developing solution ddH,0 60 ml
Na,COs 12¢g

formaldehyde
Na,S,03 5 H20

25 ul (37%)
25 ul (20%, w/v)

Silver staining fixation solution

acetone
trichloroacetic acid

formaldehyde

60 ml
1.5 ml (50%, w/v)
25 pl (37%)

Silver staining impregnation solution

ddH,0
AgNO;

formaldehyde

60 ml
0.8 ml (20%, w/v)
0.6 ml (37%)

Silver staining pre-treatment solution

ddH,0
Na25203 5H20

60 ml
100 pl (20%, w/v)

SDS-PAGE anode Tris-HCI, pH 8.9 1M
SDS-PAGE cathode Tris 1M

Tricine 1M

SDS 1% (w/v)
SDS-PAGE gel (3x) Tris-HCI, pH 8.45 3M

SDS 0.3% (w/v)
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SDS-PAGE sample (4x) Tris-HCI, pH 6.8 200 mM

glycerol 40% (v/v)
SDS 8% (w/v)
bromophenol blue 0.4% (w/v)
(DTT) 400 mM

TAP IMAC elution HEPES-NaOH, pH 7.4 20 mM
Nacl 200 mM
KCl 50 mM
glycerol 15% (v/v)
imidazole 200 mM
GDN 0.05% (w/v)

TAP lysis KH,PO4, pH 7.4 50 mM
EDTA 1mM
aminocaproic acid 5mM
glycerol 5% (v/v)
benzamidin 2.5mM
PMSF 1mM




TAP strep wash HEPES-NaOH, pH 7.4

NaCl
KCl
glycerol

GDN

20 mM

200 mM

50 mM

15% (v/v)
0.05% (w/v)

TFB | CH3COxK, pH 5.8

RbCI
MnC|2
CaCl,

glycerol

30 mM
100 mM
50 mM
10 mM
15% (v/v)

TmrAB lysis HEPES-NaOH, pH 7.5

NaCl

lysozyme

PMSF

(B-mercaptoethanol)

20 mM
300 mM
50 pg/ml
0.2 mM
1mM

TmrAB SEC HEPES-NaOH, pH 7.5

NaCl
B-DDM

(B-mercaptoethanol)

20 mM

150 mM
0.05% (w/v)
1mM
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6.4 Chemicals and reagents

Table 4: List of chemicals and reagents, which were not ordered from Sigma-Aldrich or Roth.

Chemical/reagent

Supplier

1,2-dioleoyl-sn-glycero-3-phosphocholine

Avanti Polar Lipids

1,2-dioleoyl-sn-glycero-3-phospho (1°-rac-glycerol)

Avanti Polar Lipids

Acetic acid VWR Chemicals
Agarose Biozym
Ammonium molybdate Fluka
Coomassie Brilliant Blue G250 Serva
D-desthiobiotin IBA

Dimethylformamide

VWR Chemicals

Dimethyl sulfoxide

Thermo Scientific

dNTP-mix (10 mM)

Fermentas

Dynabeads® M-280 Streptavidin

Invitrogen

E. coli polar lipid extract

Avanti Polar Lipids

EZ-Link™ NHS-PEG4-Biotin

Thermo Scientific

Gene Ruler 100 bp Ladder Plus

Fermentas

Gene Ruler 1 kb Ladder

Fermentas

Hydrochloric acid

Fisher Chemical

Hydrogen peroxide Merck
InstantBlue™ Expedeon
Ouabain Fluka
Page Ruler Prestained Protein Ladder Fermentas
Sulfuric acid Merck
Trifluoroacetic acid Merck
Zeocin InvivoGen
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6.5 Consumables and lab equipment

Table 5: List of consumables and lab equipment.

Equipment

Supplier

Agilent 1200 HPLC System

Agilent

AKTApurifier GE Healthcare
Amicon Ultra Centrifugal Filters, 3 K, 30 K, 50 K, 100 K Merck
Autoclave VE-150 Systec

Avanti J-26XP Centrifuge

Beckman Coulter

Cary 50 Bio UV/VIS spectrophotometer

Varian

CLARIOstar microplate reader

BMG Labtech

Ettan LC

GE Healthcare

Heraeus Megafuge 16R

Thermo Scientific

Lumi-Imager F1 Roche

Micro Bio-Spin® 30 Columns Bio-Rad
Mini-extruder Avestin
NanoDrop ND-1000 Peglab

Optima™ L-90K Ultracentrifuge

Beckman Coulter

Optima™ TLX Ultracentrifuge

Beckman Coulter

Optima™ XE-90 Ultracentrifuge

Beckman Coulter

PD-10 desalting columns

GE Healthcare

Shimadzu HPLC

Shimadzu

Zeba Spin Desalting Columns, 7K

Thermo Scientific

6.6 Detergents

Table 6: List of detergents used either for solubilization, purification, destabilization or washing purposes.

Detergent Supplier
n-Dodecyl 3-D-maltoside (3-DDM) Roth
Fos-choline-12 (FC-12) Anatrace
Glyco-diosgenin (GDN) Anatrace
2,2-didecylpropane-1,3-bis-B-D-maltopyranoside (LMNG) Anatrace
Sodium dodecyl sulfate (SDS) Roth
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Triton X-100

Roth

Tween-20

Roth

6.7 Enzymes

Table 7: Enzymes used for molecular biology.

Enzyme

Supplier

Dpnl (10 U/pl)

Thermo Scientific

HindIll (10 U/pl)

Thermo Scientific

Pfu DNA polymerase (2.5 U/ul)

Thermo Scientific

Phusion high fidelity polymerase (2 U/ul)

Thermo Scientific

sall (10 U/pl)

Thermo scientific

T4 ligase (5 U/ul)

Thermo Scientific

6.8 Media

Table 8: Summary of commonly used media.

Media Composition
2xYT medium yeast extract 1% (w/v)
NaCl 0.5% (w/v)
tryptone 1.6% (w/v)
Basal salts (NH4),S04 68.1 mM
CaS04 5.4 mM
K2SO4 104.4 mM
MgS0O, 60.5 mM
glycerol 4% (w/v)
Lysogeny broth (LB) medium yeast extract 0.5% (w/v)
(high salt) NaCl 1% (w/v)
tryptone 1% (w/v)
Lysogeny broth (LB) medium yeast extract 0.5% (w/v)
(low salt) NaCl 0.5% (w/v)
tryptone 1% (w/v)
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MGY medium

PTM trace salts

10x yeast nitrogen base (YNB) 10% (v/v)
(34 g YNB + 100 g (NH4),504/1)

10x glycerol 10% (v/v)
(100 g glycerol/l)
500x biotin 0.2% (v/v)

(200 mg/100 ml)

FeSO, 233.8 mM
CuSO4 24.03 mM
Nal 0.53 mM
MnSO4 17.8 mM
Na:MoO, 8.3 mM
H3BO; 0.32mM
CoCl, 2.1 mM
ZnCl, 146.7 mM
biotin 0.82 mM
H,S04 0.49% (v/v)




6.9 Oligonucleotides

Table 9: Oligonucleotides used for cloning of sAB-encoding genes into an expression plasmid (pIPTG) for protein
production and cloning of TmrAB alanine substitutions. All oligonucleotides were purchased from MWG Eurofins in

High Purity Salt Free (HPSF) grade.

Name Sequence (5°-3") Purpose
pIPTG_Hindlll_fw gccgaagcttetgatttactcggcatec SAB expression
pIPTG_Sall_rev tcttgtcgaccttggtgttgctgg SAB expression
SsAB_Hindlll_fw tctgatttactcggcatccagectc SAB expression
sAB_Sall_rev tcgaccttggtgttgctgggcttg SAB expression
sAB_Col PCR_rev ttagtggtggtggtggtggtgtctagatta SAB expression
TmrB_D184A fw cggctcattgeccgtcgctaccgggaggece D184A™™®
TmrB_D184A rev gtagcgacgggcaatgagccgcaggaggaa D184A™™®
6.10 Peptides

Table 10: Amino acid (aa) sequences of peptides used for functional studies. Y=L-Tyr, y=D-Tyr.

Peptide Amino acid sequence

C4F RRYFCKSTEL

ROLQK RRYQKSTEL

Cyclic peptide VD3 yVTPLSVFDIWACG

Cyclic peptide VD3F yVTPLSVFDIWACGSGSGSFK

Cyclic peptide VD3®" yVTPLSVFDIWACGSGSGS *""K
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7. Methods

7.1 Molecular biology and microbiology

7.1.1. Preparation of competent E. coli cells

For the preparation of competent cells, 3 ml Lysogeny broth (LB) low salt medium were
inoculated with 100 pl of E. coli cells (DH5a cells for cloning, BL21 and Rosetta-gami™ 2(DE3)
cells for protein production) and incubated overnight at 37 °C and 180 rpm. 2 ml of the overnight
culture were used to inoculate 200 ml LB low salt medium. Cells were grown at 37 °C and
180 rpm. At an ODgoo of 0.4, cells were cooled down on ice. After 1 h incubation, cells were
pelleted for 10 min at 2,000 x g, 0 °C. Subsequently, the pellet was resuspended in 35 ml TFB-I
buffer. After a further incubation for 1 h on ice, cells were pelleted for 10 min at 3,000 x g, 0 °C
and resuspended in 6 ml TFB-II buffer. Competent E. coli cells were divided into 50-150 pl

aliquots, snap frozen in liquid nitrogen, and stored at -80 °C.

7.1.2 Design of DNA constructs

7.1.3.1 DNA amplification

Restriction sites for endonucleases were introduced by polymerase chain reaction (PCR).
Standard PCR conditions are summarized in Table 11. Pfu and Phusion high fidelity DNA
polymerase were utilized according to the manufacturer’s instructions. Oligonucleotides used
for cloning and insertion of sAB-encoding sequences into a plasmid applicable for protein

production are summarized in Table 9.

Table 11: Standard PCR conditions for cloning of sABs constructs.

Step Time Temperature Cycles
Initial denaturation 2 min 95 °C 1x
Denaturation 30s 95°C 24x
Annealing 50s 55°C 24x
Elongation 1.5 min 72°C 24x
Final elongation 3 min 72°C 1x
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Table 12: Standard PCR conditions for cloning of TmrAB alanine substitutions.

Step Time Temperature Cycles
Initial denaturation 5 min 98 °C 1x
Annealing 1 min 63-72°C 1x
Elongation 4 min 72°C 1x
Denaturation 1 min 98 °C 25x
Annealing 1 min 63-72 °C 25x
Elongation 4 min 72°C 25x
30 s/kb

(Phusion high fidelity polymerase)

Final elongation 10 min 72°C 1x

PCR products were analyzed by agarose gel electrophoresis using a 1.5% (w/v) agarose gel in
TAE buffer. DNA amplificates were separated at 110V and visualized by incubation with
ethidium bromide for 30 min. Desired DNA products were cut out of the agarose gel and purified
using the QlAquick Gel extraction kit (Qiagen). After purification, the isolated DNA products and
corresponding target plasmids were either digested using the endonucleases summarized in
Table 7 following the manufacturer’s instructions or used directly for transformation. After
further purification using the QlAquick Gel extraction kit, restricted DNA products and plasmids
were ligated utilizing T4 ligase (Table 7) according to the manufacturer’s protocol. For DNA
amplification, 5 pl of the ligation approach were incubated with competent E. coli cells according

to 7.1.3.2.

For cloning of TmrAB alanine mutants, the PCR-amplified DNA (30 ul) was incubated for 10 min

at 37 °C with 1 pl Dpnl (fast digest) and 3 pl 10x HF buffer.

7.1.3.2 Amplification and isolation of plasmid DNA

For DNA amplification or protein production, 100 pl of competent E. coli cells were incubated
with 1 pl of plasmid DNA (100 ng/ul) for at least 10 min on ice. For DNA uptake, a heat shock
was performed for 45 s at 42 °C, followed by a 2 min incubation on ice. Subsequently, 200-500 pl
of LB low salt medium were added and cells were incubated at 37 °C and gentle shaking. After
1 h, cells were spread out onto LB low salt agar plates supplemented with the desired antibiotic

as selection marker and grown overnight at 37 °C.
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For plasmid isolation, 5 ml of LB low salt medium supplemented with the desired antibiotic were
inoculated with a single E. coli colony and incubated overnight at 37 °C and 180 rpm. Plasmid
DNA was isolated using the NucleoSpin® Plasmid EasyPure kit (MACHEREY-NAGEL) according to

the manufacturer’s instructions.

7.1.3.3 DNA sequencing

Every nucleotide replacement (e.g. for cloning of TmrAB alanine mutants) or the insertion of an
open reading frame into an expression plasmid for protein production (e.g. cloning of sAB-
encoding sequences into the pIPTG expression plasmid for sAB production) was confirmed by

sequencing (sequencing was done by Eurofins Genomics).

7.2 Biochemistry

7.2.1 Protein production and purification

7.2.1.1 Production and purification of TAP

For the heterologous production of human TAP, the methylotrophic yeast Pichia pastoris was

grown according to Scholz et al. (94).

For small-scale production, 20 ml MGY medium were inoculated with 100 pul of a P. pastoris
glycerol stock harboring the respective TAP-encoding plasmid, kindly provided by David Parcej,
and grown at 28 °C for 16-18 h. The starter culture was transferred into 400 ml MGY medium
and grown at 30 °C for further 16-18 h. At an ODeggo of 2-6, cells were transferred into MMY

medium. Protein production was allowed at 30 °C for 24 h.

For large-scale production, 10 ml MGY medium supplemented with 10 ul Zeocin (100 mg/ml)
were inoculated with 100 pl of the P. pastoris glycerol stock, kindly provided by David Parcej,
and grown at 30 °C overnight. This starter culture was transferred into 100 ml MGY medium
and grown overnight at 30 °C until an ODggo of 10 was reached. The cells were transferred into
a 7.5-liter Labfors4 reactor (Infors-HT) filled with 1.6 | basal salts (142) supplemented with 9 ml
PTM trace salts and 200 ml of 1.6 M sodium hexametaphosphate. Cells were grown at 30 °C and

1,000 rpm agitation. During a high-density growth period, induced by glycerol feeding, the pH
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and pO; level were kept constant at 4.5 and 30%, respectively. TAP production was induced by
methanol feeding. Over 24 h, the methanol concentration was kept constant at 1%. Cells were

harvested at 4,500 x g and 4 °C for 20 min, snap frozen in liquid nitrogen, and stored at -80 °C.

For membrane preparation, TAP-containing P. pastoris cells were resuspended in TAP lysis
buffer. Per 30 ml membranes, 15 ml of ice-cold glass beads pre-treated with 20% (v/v)
hydrochloric acid were added. Cells were disrupted using a FastPrep® system (Millipore) for 45 s
at 6 m/s for at least 3 cycles with 2 min breaks on ice between each cycle. Membranes were
separated by two centrifugation steps: 1. 4,500 x g for 10 min at 4 °C, 2. 100,000 x g for 45 min
at 4 °C. The pelleted membranes were resuspended in TAP storage buffer and homogenized.
The total protein concentration of TAP-containing membranes was determined with a Bradford

assay and adjusted to a total protein concentration of 20 mg/ml with TAP storage buffer.

TAP-containing membranes (20 mg/ml total protein) were solubilized for 1.5 h at 4 °C using 2%
(w/v) glyco-diosgenin (GDN). After centrifugation at 100,000 x g for 45 min at 4°C, the
supernatant was loaded onto Ni Sepharose 6 Fast Flow medium (GE Healthcare) equilibrated
with TAP lysis buffer. TAP was purified by an orthogonal purification strategy first utilizing the
C-terminal Hisjo-tag of TAP1 and in a second purification step the C-terminal Strepll-tag of TAP2.
After incubation for either 2 h at 4 °C or overnight, the beads were poured into a gravity flow
column and washed with 30 ml of TAP IMAC wash buffer and eluted with 10 ml of TAP IMAC
elution buffer. TAP-containing fractions were combined and loaded onto high-capacity Strep-
Tactin® Sepharose (IBA). The C-terminally Strepll-tagged TAP2 was captured for 3 to 4 h at 4 °C.
The beads were washed with 10 ml TAP strep wash buffer and eluted with 5 ml of TAP strep
elution buffer containing D-desthiobiotin. If not used immediately for structural or functional
studies, TAP was snap frozen in liquid nitrogen and stored at -80 °C. Due to its instability,
repeated freeze and thawing of TAP-containing aliquots was avoided. For functional and

structural studies, TAP was diluted in TAP storage buffer with 0.05% GDN.

7.2.1.2 Production and purification of TmrAB

Production and purification of TmrAB was performed according to Zutz et al. (83). In brief, 2 | LB
high salt medium supplemented with ampicillin (100 pg/ml) were inoculated with 20 ml of an
E. coli BL21 overnight culture and grown at 37 °C and 180 rpm. At an ODgoo of 0.6, protein
production was induced with 0.5 mM IPTG. Harvested cells were resuspended in TmrAB lysis

buffer and disrupted by sonication (output control 5, duty cycle 50). Membranes were pelleted
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at 100,000 x g for 45 min at 4 °C. To extract TmrAB, crude membranes were solubilized with 1 %
B-DDM in TmrAB purification buffer. The C-terminally Hisio-tagged TmrAB was captured using
Ni-NTA agarose (Qiagen) for 60 min at 4 °C, followed by a size exclusion chromatography step
on either a Superdex™ 200 Increase 10/300 GL column (GE Healthcare) or a TSKgel® G3000SWx,
column (Tosoh Bioscience LLC) in TmrAB SEC buffer. Peak fractions were pooled for functional
and structural studies. For cysteine cross-linking experiments with the double-cysteine mutant
TmrACH16A E523Q, $527C /T rBSS03C 1 mM of B-mercaptoethanol was added to all buffers to prevent

oxidation. Oxidative cysteine cross-linking was induced by buffer exchange to TmrAB SEC buffer.

7.2.1.3 Production and purification of synthetic antibodies

Synthetic antibodies (sABs) were produced and purified similar to Borowska et al. (118). sABs
were produced in E. coli BL21 cells grown in 11 2xYT medium supplemented with 50 pg/ml
ampicillin. At an ODgoo of 0.8-1, protein production was induced by the addition of 1 mM IPTG.
After 4 h at 37 °C and 220 rpm shaking, cells were harvested by centrifugation at 4,500 x g for
15 min at 4 °C. For purification, cells were resuspended in sABs lysis buffer and disrupted by
sonication. To precipitate proteins that are less heat stable, the lysate was incubated for 30 min
at 60 °C. After a further centrifugation step to clear the lysate, the sample was loaded onto a
HiTrap MabSelect SuRe 5 ml column (GE Healthcare). The column was washed with 10 cv of sSAB
wash buffer. sABs were eluted with 0.1 M acetic acid. sABs-containing fractions were loaded
onto an ion exchange Resource S 1 ml column (GE Healthcare). The column was washed with
50 mM sodium acetate (NaAc), pH 5.0, and sABs were eluted with a 50 mM NaAc pH 5.0/2 M
NaCl gradient (0-100%). Immediately after elution, sAB-containing fractions were neutralized by
the addition of 50 mM HEPES-NaOH, pH 7.5. The buffer was exchanged to sAB storage buffer

and the sABs were snap frozen in liquid nitrogen and stored at -80 °C.

7.2.1.4 Production and purification of nanobodies

For nanobody production, E. coli BL21 cells harboring the pMESy4 plasmid (126) containing the
nanobody-encoding sequence, were grown in 25ml 2xYT medium supplemented with
100 pg/ml ampicillin and 2% glucose overnight at 30 °C and 190 rpm. The starter culture was
transferred into 1 | 2xYT medium supplemented with 100 pg/ml ampicillin and 0.1% glucose. At
an ODgoo of 0.8, protein production was induced with 1 mM IPTG. After 18 h at 30 °C and

190 rpm, cells were harvested by centrifugation at 6,000 x g and 4 °C for 15 min.
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Subsequently, cells were resuspended in nanobody lysis buffer and disrupted by sonication
(output control 7, duty cycle 70) for 2 min with 2 min breaks in between. After pelleting the cell
debris at 100,000xg and 4°C for 45min, the supernatant was incubated with
Ni Sepharose 6 Fast Flow medium (GE Healthcare) utilizing the C-terminal Hise-tag for
purification. After 2 h incubation at 4 °C, beads were poured into a gravity flow column and
washed with 30 ml nanobody wash buffer. Nanobodies were eluted with 10 ml nanobody
elution buffer. Nanobody-containing fractions were pooled, combined, and concentrated to a
volume of 500 pl. Finally, nanobodies were purified via SEC using the Superdex™ 200 Increase

10/300 GL column (GE Healthcare) equilibrated with nanobody storage buffer.

7.2.1.5 Production and purification of saposin A

The saposin A-encoding plasmid was kindly provided by Jens Frauenfeld (Salipro AB, Stockholm,

Sweden) within the context of a material transfer agreement.

Saposin A was expressed using E. coli Rosetta-gami™ 2(DE3) (Novagen) cells as described by
Frauenfeld et al. (91). Cells were grown in TB medium supplemented with ampicillin (100 pug/ml)
and kanamycin (30 pug/ml). Protein production was induced by the addition of 0.7 mM IPTG.
Cells were resuspended in saposin lysis buffer, disrupted by sonication (output control 7, duty
cycle 70), and the lysate centrifuged for 30 min at 26,000 x g. The supernatant was heated to
85 °C for 10 min and again centrifuged for 30 min at 26,000 x g. Saposin A was purified via its N-
terminal Hise-tag by incubating the lysate with NiSepharose 6 Fast Flow medium (GE
Healthcare). To remove imidazole, saposin A was dialyzed overnight against saposin SEC buffer.
Finally, saposin A was purified via SEC (Superdex™ 200 Increase 10/300 GL column (GE
Healthcare)). Peak fractions were concentrated to 5mg/ml using Amicon® Ultra-15 ml
centrifugal filters with a 3 kDa cut-off (Millipore), snap frozen in liquid nitrogen, and stored at

-80 °C.

7.2.1.6 Production and purification of membrane scaffold proteins

pMSP1D1 and pMSP2N2 were a gift from Stephen Sligar (Addgene plasmids # 20061 and
# 29520).

Membrane scaffold proteins (MSPs) MSP2N2 and MSP1D1 were expressed and purified as

described by Roos et al. (143). Briefly, MSPs were expressed in E. coli BL21 cells grown in LB
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medium supplemented with 0.5% glucose and 30 pg/ml kanamycin at 37 °C. At an ODggo of 1,
protein production was induced with 1 mM IPTG and cells were grown for 1 h at 37 °C. The
temperature was subsequently lowered to 28 °C. Cells were harvested after additional 4 h and
disrupted by sonication in MSP lysis buffer. The scaffold proteins were purified via their N-
terminal Hiss-tag. Stocks of purified MSP were snap frozen in liquid nitrogen and stored at-80 °C

in MSP storage buffer.

7.2.2 Reconstitution

7.2.2.1 Functional reconstitution of TAP and TmrAB into LUVs

For preparation of large unilamellar liposomes (LUVSs), E. coli polar lipid extract and DOPC (1,2-
dioleoyl-sn-glycero-3-phosphocholine) dissolved in chloroform were mixed together in a 7:3
ratio (w/w) and dried by vacuum evaporation. The lipid film was rehydrated by the addition of
reconstitution buffer (to a lipid concentration of 10 mg/ml) and sonication for 30 min at RT. For
a homogenous preparation, 5 freeze and thaw cycles at -80 °C and RT respectively, were applied
and the LUVs extruded 11 times through a 400 nm pore sized polycarbonate filter using a mini-
extruder (Avestin). For reconstitution, LUVs (2.5 mg/ml) were destabilized with TX-100 for
30 min at 4 °C according to Geertsma et al. (144). Detergent-destabilized liposomes were mixed
with either TAP or TmrAB in a 1:20 or 1:50 protein-to-lipid ratio (w/w) and incubated again for
30 min at 4 °C. For detergent removal, SM-2 Biobeads (Bio-Rad) were added in four consecutive
steps (1 h, overnight, 2h, 2 h) of 40 mg beads (wet weight). TAP- and TmrAB-containing
proteoliposomes were harvested for 30 min at 270,000x g at 4 °C. For functional assays,
proteoliposomes were resuspended to a final lipid concentration of 5 mg/ml in reconstitution

buffer and either stored at 4 °C or snap frozen in liquid nitrogen and stored at -80 °C.

For quality control of the LUV preparation, liposome size was monitored by nanoparticle tracking

analysis using the NanoSight LM14 (NanoSight Ltd.).

7.2.2.1.1 Ficoll gradient fractionation

To enrich TAP-containing proteoliposomes, empty liposomes and protein aggregates were
separated by centrifugation on a continuous Ficoll density gradient (0-10%) in reconstitution
buffer. TAP-containing proteoliposomes were loaded onto the top of the gradient and

centrifuged for 18 h at 200,000 x g and 4 °C using a SW41 Ti swing out rotor (Beckman Coulter).
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Gradients were fractioned from the bottom and fractions were analyzed by immunoblotting.
TAP proteoliposomes-containing fractions were isolated and washed twice with reconstitution

buffer to remove residual Ficoll (270,000 x g, 20 min, 4 °C).

7.2.2.1.2 Re-solubilization

To determine the reconstitution efficiency, TAP- and TmrAB-containing proteoliposomes were
solubilized with 1% [-DDM at 4 °C. After 1 h, the solubilizate was centrifuged for 30 min at
270,000 x g and 4 °C. Input taken prior to centrifugation and supernatant were compared by

immunoblotting.

7.2.2.1.3 TEV protease cleavage

By Tobacco Etch Virus (TEV) protease cleavage of the His-tag, the orientation of TmrAB in
proteoliposomes was determined. Proteoliposomes were incubated with TEV protease
(TurboTEV (MoBiTec)) in a 10:1 ratio (transporter:TEV protease, w/w) and 1 mM DTT overnight
at 4 °C. As control, a sample with 1% TX-100 was included. The protease cleavage pattern was

analyzed by immunoblotting.

Furthermore, TEV protease cleavage was used to get rid of the Hisio-tag of TmrAB and to remove
the mVenus and mCerulean fusion proteins (and tags) from 'P47cTAP1mVenusHisi0/cTpppmeerulean-
strepll TAP/TmrAB and TEV were added in a 10:1 ration and incubated with 1 mM DTT at 4 °C

overnight.

7.2.2.2 Reconstitution of TAP and TmrAB in nanodiscs

Purified TmrAB and MSP were mixed with bovine brain lipid extract (Sigma-Aldrich) solubilized
in 1% B-DDM at a TmrAB:MSP:lipid molar ratio of 1:8:200 for MSP2N2 and 1:7.5:100 for MSP1D1
in TmrAB SEC buffer without detergent. After incubation at 4 °C for 30 min, SM-2 Biobeads (Bio-
Rad) were added in two consecutive incubation steps to remove the detergent (1 h, overnight).
TmrAB-containing nanodiscs were separated from empty discs by SEC (column: KWA404-4F
(Shodex) or Superdex™ 200 Increase 3.2/300 (GE Healthcare)) in TmrAB SEC buffer without
detergent and concentrated to 3-5 mg/ml at 1,500 x g using Amicon® Ultra-0.5 ml centrifugal

filters with a 50 kDa cut-off (Millipore).
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Reconstitution of TAP in nanodiscs was performed as previously published by Eggensperger et

al. (145).

7.2.2.3 Reconstitution of TmrAB using saposin A

5 ul of a brain lipid solution (5 mg/ml bovine brain lipid extract (Sigma-Aldrich) solubilized in
0.28% [-DDM) were incubated for 5 min at 37 °C according to Frauenfeld et al. (91). 6 pl of
purified TmrAB in 0.05% B-DDM (8.75 mg/ml) were added and incubated for 5 min at 37 °C.
Subsequently, 20 ul of purified saposin A (5 mg/ml) were added and incubated for 5 min at
37 °C. For detergent dilution, PBS (pH 7.5) was added in two consecutive steps (1. 35 pl, 2. 40 pul)
followed by an incubation for 5 min at RT. TmrAB/saposin A complexes were isolated by SEC
(KW404-4F column (Shodex)) in saposin SEC buffer. Fractions containing TmrAB/saposin A
complexes were isolated and concentrated at 1,500 x g using Amicon® Ultra-0.5 ml centrifugal

filters with a 50 kDa cut-off (Millipore) for immediate grid preparation or functional studies.

7.2.3 Protein labeling

7.2.3.1 Biotinylation

To immobilize proteins on a solid surface or on beads for antibody/peptide selection using
display techniques, target proteins (MSP, TAP, TmrAB) were biotinylated using EZ-Link NHS-
PEGs-Biotin (Thermo Scientific). A 5-fold molar excess of the biotinylation reagent was added
and incubated for 2 h on ice. The reaction was stopped by the addition of 10 mM Tris-HCl,
pH 8.0. Unbound reagent was removed using Zeba™ Spin Desalting columns (7 kDa cut-off,

Thermo Scientific).

The biotinylation efficiency was determined by a pull-down assay using streptavidin-coated
Dynabeads® M-280. 100 pl beads per reaction were washed three times with 100 pl of the
respective protein purification buffer to equilibrate the system. 50 ul of sample (700 nM
concentration) were applied and incubated for 1 h at 4 °C. The supernatant was removed and
collected. After three washing steps with 50 pl of the respective protein purification buffer, the
third wash was collected, and the beads were resuspended in 1x SDS sample buffer and
incubated for 10 min at 65 °C (TAP, TmrAB) or 95 °C (MSP). The biotinylation efficiency was
determined by comparison of the band intensities of input (l), flow-through (FT), wash (W), and

beads (B) upon immunoblotting.
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7.2.4 Selection of synthetic antibodies

7.2.4.1 Library sorting by phage display

The selection of sABs was performed within the context of a research visit at the Kossiakoff
laboratory at the Department of Biochemistry and Molecular Biology, The University of Chicago,
Chicago, IL, USA. The phage-displayed library was kindly prepared by Pawel Dominik (Kossiakoff
laboratory, Department of Biochemistry and Molecular Biology, The University of Chicago,

Chicago, IL, USA).

The sAB selection was performed similar to Dominik et al. (113). In short, the sAB selection via
phage display was performed semi-automated magnetic bead-based utilizing a KingFisher®
instrument (Thermo Scientific). First, streptavidin-coated magnetic beads were equilibrated in
target storage buffer and the biotinylated target added in nanomolar concentrations and
incubated for 30 min at 4 °C under constant shaking. The supernatant was removed, and beads
were washed three times with the respective target storage buffer. Free binding sites were
blocked by incubation with blocking buffer for 10 min at 4 °C. Subsequently, the phage-displayed
library was added and incubated for up to 1 h at 4 °C under gentle shaking. For removal of
unbound phages, beads were washed again. Specifically bound phages were either eluted by
incubation with target protein storage buffer containing 1% FC-12 (for biotinylated nanodiscs)
or by a pH shock (for chemically biotinylated targets). For phage amplification, E. coli XL1-blue
cells grown to mid-log phase were infected with the eluted phages. In total, 5 rounds of library
sorting were performed. Within the context of a material transfer agreement, sABs-encoding

plasmids were transferred to Frankfurt for further analyses.

The following constructs were used for sABs selection:

cTAP1/cTAP2 nanodiscs
ICP47cTAP1/cTAP2 nanodiscs
Tm rAC416A' E523Q, 5527CBSSO3C in 005% B'DDM

Additives, such as MgAMP-PNP, were added into all buffers and solutions during all incubation

steps within the selection procedure.
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7.2.4.2 Enzyme-linked immunosorbent assay (ELISA)

Forimmobilization of biotinylated targets, 100 ul of a 2 ug/ml neutravidin (NAV) solution in NAV
binding buffer were added into the wells of a 96-well MaxiSorp™ plate (NUNC) and incubated
overnight at 4 °C. Prior to the addition of blocking buffer to diminish unspecific binding (200 pl,
2 h at 4 °C, gentle shaking), wells were washed three times with 200 pl of 1x PBS to remove
unbound NAV. After blocking, a further washing step was performed (three times, 200 pl
1x PBS). Subsequently, 100 pl of biotinylated target protein diluted in the appropriate protein
standard buffer were added and incubated for 1 h at 4 °C under gentle shaking. Usually,
nanomolar concentrations of biotinylated target protein were immobilized to screen for high

affinity binders.

Various combinations of detection reagents were applied:

For single clone screening using phages, 50 ul of a 10-fold dilution of precipitated phages were
added and incubated for 30 min at 4 °C under gentle shaking. After three times washing with
200 pl of the standard buffer of the respective target protein, an anti-M13 HRP-conjugated
antibody was added in a 1:5,000 dilution and incubated for 30 min at 4 °C. The ELISA was
developed by the addition of 50 ul TMB Signal+ solution (3,3’,5,5’-tetramethylbinzidine; Bio-
Rad, former AbD Serotec). To stop the colorimetric reaction, 50 pl of 0.2 M sulphuric acid were
added. For quantification, the absorbance at 450 nm was measured using a microplate reader

(CLARIOstar®, BMG LABTECH).

For single clone analysis, selected nanobodies were produced in small-scale and 100 pl of a 5-
fold dilution of the periplasmic extract were incubated with the captured target protein for 1 h
at 4 °C. For detection of bound nanobody, an anti-His antibody (1:3,000) was added followed by
an anti-mouse antibody with an alkaline phosphatase conjugated (1:10,000) and incubated for

1 h at 4 °C (each). For development, TMB Signal+ solution was used.

7.2.4.3 Complex formation and isolation

Transporter/antibody complexes were isolated by SEC utilizing either a TSKgel® G3000SWjy,
column (Tosoh Bioscience LLC), a Superdex™ 200 Increase 3.2/300 column (GE Healthcare), or
a KW404-4F column (Shodex) equilibrated in the respective protein storage buffer. sABs or
nanobodies were added in a 1.25-fold molar excess and incubated for 15 min on ice prior to

injection.
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7.2.5 Selection of nanobodies

7.2.5.1 Immunization

The nanobody selection was performed within the context of a research visit at the Steyaert
laboratory at the VIB-VUB Center for Structural Biology, Vrije Universiteit Brussel, Brussels,
Belgium. Llama Immunization and nanobody library generation were performed and the library
kindly provided by the group of Jan Steyaert (VIB-VUB Center for Structural Biology, Vrije

Universiteit Brussel, Brussels, Belgium).

Nanobodies were generated as described previously by Pardon et al. (126). In brief, nanobody
clones were obtained from two llamas (Lama glama) immunized over a time span of 6 weeks
with TAP/TmrAB proteoliposomes (first injection: 200 ug protein, following injections: 100 ug

protein).

The following constructs were used for immunization:

cTAP1/cTAP2 proteoliposomes

ICP47

cTAP1/cTAP2 proteoliposomes

AC416A, E523Q, 5527CBSSOSC

Tmr proteoliposomes

7.2.5.2 Library sorting by phage display

TAP/TmrAB-binding nanobodies were isolated via phage-displayed library sorting. Before each
round of library sorting, nanobody-displaying phages were rescued and amplified according to
Pardon et al. (126). 60 ml of 2xYT medium supplemented with 100 pug/ml ampicillin and 2%
glucose (w/v) were inoculated and grown at 37 °C, 200 rpm until an ODsgo of 0.5 was reached.
Subsequently, 10 ml of the TG1 cells were infected with 4x10'° plaque-forming units (pfu) of
VCSM13 helper phage and incubated for 30 min at 37 °C. The infected cells were centrifuged for
10 min at 2,800 x g, RT, the supernatant was discarded, and the pellet was resuspended in 50 ml
of 2xYT medium supplemented with 100 pg/ml ampicillin and 25 pg/ml kanamycin. Cells were
grown overnight at 37 °C, 200 rpm. For phage rescue, cells were centrifuged at 3,200 x g for
15 min and the supernatant was mixed with 10 ml of 20% (w/v) PEG6000/2.5 M NaCl. Phages
were precipitated for 30 min on ice and, subsequently, pelleted for 10 min at 3,200 x g at 4 °C.

To remove residual bacteria, phages were resuspended in 1 ml 1x PBS and centrifuged again for
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1 min at 20,000 x g at 4 °C. Phages were re-precipitated from the supernatant by the addition of
250 pl ice-cold 20% (w/v) PEG6000/2.5 M NaCl. Removal of bacterial contaminants was

repeated, and the phages were resuspended in 1x PBS and used for panning.

For phage selection, corresponding wells of a MaxiSorp™ 96-well plate (NUNC) were incubated
overnight with 100 pl of 2 ug/ml NAV in NAV binding buffer for biotinylated target proteins.
NAV-coated wells were washed three times with 250 ul of 1x PBS. Upon removal of unbound
NAV, wells were incubated at 4 °C for 2 h and 700 rpm with blocking buffer to avoid unspecific
binding. After blocking, wells were washed 5 times with 1x PBS. Subsequently, 100 ul of
biotinylated TAP/TmrAB were added and incubated for 1 h at 4 °C and 700 rpm. After a further
washing step (5 times with 250 pl of standard buffer of the particular target protein), 100 pl of
the rescued phage library were added to the captured target and incubated for 2 h at 4 °C and
700 rpm. Unbound phages were removed by washing with 250 pul of the target standard buffer
(15x). For phage elution, wells were incubated for 30 min at 4 °C and 700 rpm with 100 pl of a
0.25 mg/ml trypsin solution. To inhibit further protease activity, eluted phages were transferred
into tubes filled with 5 pl of a 4 mg/ml AEBSF solution. For recovery and amplification of phages,
3 ml of TG1 cells grown to mid-log phase were infected with 50 pl of the eluted phages. After
30 min at 37 °C without shaking, LB medium supplemented with ampicillin (100 pg/ml) and
glucose (2% w/v) was added and cells were grown overnight at 37 °C and 170 rpm. A serial
dilution of infected TG1 cells was performed to follow enrichment of target-specific binding

phages. In case of insufficient enrichment, a further round of panning was performed.

Additives, such as the high-affinity peptide ROLQK or ATP-Mg?*, were added to all buffers and

solutions during all incubation steps within the selection procedure.

The following constructs were used during phage display to generate conformation-specific
nanobodies:

Reconstituted into biotinylated nanodiscs:

CTAP1/cTAP2
ICP47cTAP1/cTAP2

Biotinylated protein in detergent (0.05% GDN/B-DDM):

CTAP1/cTAP2
ICP47cTAP1/cTAP2

Tm r.AC416A, E523Q, 5527CBSSOSC
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Reconstituted protein in proteoliposomes:

CTAP1/cTAP2
ICP47cTAP1/cTAP2

Tm r.AC416A, E523Q, 5527CBSSOSC

7.2.5.3 Single clone screening

For single clone screening, serial dilutions of infected TG1 cells were spread out on LB agar
supplemented with 100 pg/ml ampicillin and 2% (w/v) glucose and grown overnight at 37 °C. To
produce nanobodies in small-scale, wells of a 96-well culture plate were inoculated with one
single colony per well and grown overnight at 37 °C. 1 ml of 2xYT medium supplemented with
100 pg/ml ampicillin and 0.1% glucose were inoculated with 10 pl of the overnight culture and
grown at 37 °C, 200 rpm. At an ODgno of 0.6, nanobody production was induced by the addition
of 1 mM IPTG. After 4 h at 37 °C and 200 rpm, cells were pelleted at 3,200 x g for 10 min. Cells
were disrupted by freeze and thawing, resuspended in 1x PBS and the cell debris was pelleted
again. The supernatant contained the nanobodies extracted from the periplasm and was used

for single clone screening via an ELISA.

Positive clones were sequenced, the DNA was isolated, and E. coli BL21 cells were transformed
for large-scale nanobody production. Within the context of a material transfer agreement,

nanobody-encoding plasmids were transferred to Frankfurt for further analyses.

7.2.5.4 Determination of binding constants by switchSENSE

The basic principle of the switchSENSE technology are immobilized DNA nanolevers, which are
electrically actuated at high-frequency on microelectrodes, while the orientation is monitored
by time-resolved single photon counting (146, 147). Upon binding of proteins, the switching
dynamics are altered. When the DNA levers tilt towards the gold surface of the chip, the
fluorescence from attached Cy3 dyes is gradually quenched what allows for gauging the distance

of the DNA to the surface and, thus, monitoring changes in DNA orientation in real time (147).

This system was utilized to study TmrAB-nanobody interactions. Nanobodies 268, 296, and 300
were covalently conjugated to the DNAs top ends via lysines according to Langer et al. (147).
Within the first step, nanobody-conjugated single-stranded DNA was hybridized with single-

stranded nanolevers immobilized on the chip surface. Upon removal of unbound DNA, TmrAB
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was added in increasing concentrations (1.2, 3.7, 11.1, 33.3, and 100 nM). As a consequence of
TmrAB binding to immobilized nanobodies, the DNA lever motions slowed down. This change in
motion was used to follow binding kinetics in real time and to calculate kon and ko values to

determine the dissociation constant Kp.

7.2.6 Binding Assays

7.2.6.1 Filter binding

Substrate binding of purified TAP was explored by a filter-based binding assay using the
fluorescently-labeled high-affinity peptide C4 (referred to as C4AF, Table 10). 4 ug of purified TAP
in 0.05% GDN were incubated for 15 min at 4 °C with 1 uM CAF peptide in peptide binding buffer
in a total volume of 50 pl. To proof specificity of peptide binding, a control sample with a 250-
fold molar excess (250 uM) of the unlabeled competitor peptide ROLQK (Table 10) was included.
The samples were transferred onto 96-well MultiScreen® microfilter plates (0.65 um diameter,
Millipore) pre-treated with 0.3% (w/v) polyethyleneimine and washed twice with 250 pl of ice-
cold peptide binding buffer. Next, 250 pl of peptide elution buffer were added and incubated
for 10 min at RT. 200 pl of the sample were incubated for 10 min at 95 °C prior to fluorescence
measurement to exclude interference of the mVenus fusion. Bound peptide was quantified

using a microplate reader (CLARIOstar®, BMG LABTECH) at Aex/em=485/520 nm.

7.2.6.2 Fluorescence anisotropy

Binding of fluorescently-labeled peptides to TmrAB was analyzed by fluorescence anisotropy
measurements. Increasing amounts of TmrAB were incubated with 50 nM cyclic peptide VD3 or
CAF (Table 10) in a total volume of 20 ul for 10 min on ice. Subsequently, fluorescence anisotropy

was measured using a microplate reader (CLARIOstar®, BMG LABTECH) at Aex/em=485/520 nm.

7.2.7 Peptide transport

To analyze ATP-dependent substrate translocation, TAP proteoliposomes (50 ug) were
incubated with 1 uM of the fluorescently-labeled high-affinity peptide C4 (Table 10) in
reconstitution buffer. Upon addition of 5 mM MgCl, and 3 mM ATP in a total volume of 50 pl,

peptide transport was measured for 15 min at 37 °C and stopped by the addition of 200 pl ice-
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cold stop buffer. To remove excess of CAF, proteoliposomes were transferred onto 96-well
MultiScreen® microfilter plates (0.65 um diameter, Millipore) pre-treated with 0.3% (w/v)
polyethyleneimine and washed twice with 250 pl of ice-cold stop buffer. 250 pl of liposome lysis
buffer were added and incubated for 10 min to disrupt the liposomes. cTAP1mMVenus
His10 /cTAp2mCerdlean-strepll - nratepliposomes were incubated for 10 min at 95°C prior to
fluorescence measurement to exclude interference of the mVenus fusion. The ATP-dependent
peptide translocation was quantified using a microplate reader (CLARIOstar®, BMG LABTECH) at
Mex/em=485/520 nm. As control, either 3 mM ADP or reconstitution buffer were added instead of

ATP.

Substrate translocation by TmrAB was determined according to the previously described

protocol either for 5 min at 68 °C or 10 min at 45 °C.

7.2.8 ATPase assays

7.2.8.1 Malachite-Green based assay

To proof functionality of TmrAB upon purification and reconstitution, ATPase activity was
determined by following the release of inorganic phosphate (P:) (83, 148). 200 nM TmrAB in
0.05% [-DDM or reconstituted were incubated with 3 mM MgCl, and 1 mM ATP in TmrAB SEC
buffer in a total volume of 25 pl. Release of inorganic phosphate was monitored for 5 min at
68 °C and stopped by the addition of 175 pl 20 mM H,SO,. ATP hydrolysis was visualized by a
colorimetric reaction based on the complex formation of Malachite Green, ammonium
molybdate, and Pi. Therefore, 50 pl of Malachite Green solution were added. After 5-10 min
incubation at RT, the absorbance at 620 nm was measured using a microplate reader
(CLARIOstar®, BMG LABTECH). For quantification, KH,PO, samples ranging from 0.4 nmol to

4.8 nmol diluted in 20 mM H,SO4 were measured.

A similar protocol was applied to determine the peptide-stimulated ATPase activity of purified
or reconstituted TAP. 500 nM TAP were incubated with 1 uM of the high affinity peptide ROLQK
(Table 10), 3 mM MgCl,, and 1 mM ATP in TAP storage buffer supplemented with 1 mM ouabain,
50 uM EGTA, and 5 mM NaN3 in a total volume of 25 pl. The ATPase activity was measured at
37 °C for 30 min. The reaction was stopped by the addition of 175 ul 20 mM H,SO,. Detection

and quantification were performed as described above.
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7.2.8.2 Radioactive assay

200 nM TmrAB in 0.05% [3-DDM or reconstituted into either saposin A complexes or nanodiscs
were incubated with 3 mM MgCl, and 1 mM ATP (supplemented with tracer amounts of [y-
32p]ATP) in TmrAB SEC buffer with and without detergent, respectively. Release of inorganic
phosphate was monitored at specific time points or over a time course of 20 min at 68 °C.
Reaction mixtures were analyzed by thin layer chromatography on polyethyleneimine cellulose.
Background corrected data were fitted according to the Michaelis-Menten equation (Equation
1) to determine vmax and Ky values. The concentration of ATP is represented by [S] and the

velocity of the hydrolysis reaction is represented by v.

_ Ymax * [S]
- Ky + [S] equation 1

7.2.9 Nucleotide occlusion

Occluded nucleotides were identified by trapping experiments according to Zutz et al. (83). In
brief, TmrAB (5 uM) was incubated with 3 mM MgCl,, 1 mM ATP (supplemented with tracer
amounts of [a->’P]ATP), and 5 mM orthovanadate for 3.5 min at 68 °C. Subsequently, to proof
occlusion of nucleotides, 2 mM ATP were added and incubated for 2 min at RT. Unbound
nucleotides were removed by buffer exchange by a Micro Bio-Spin® 30 gel filtration column by
centrifugation for 2 min at 1,000 x g and 4 °C (Bio-Rad). The identity of bound nucleotides was

analyzed by thin layer chromatography on polyethyleneimine cellulose.

7.2.10 SDS-PAGE

As quality control of protein purification, reconstitution efficiency, co-migration, and complex
formation, proteins were separated regarding their molecular mass by sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE). Samples were incubated with 1x SDS sample
buffer for 10 min at 95 °C (for antibodies) and 65 °C (for membrane proteins). For all gels shown
in this thesis, a PageRuler™ Prestained Protein Ladder (Thermo Scientific) was used. Gel
electrophoresis was performed at 135 volt (V) for 1.5-2 h. Straight after performing the SDS-

PAGE, proteins were visualized either by a Coomassie-blue/silver staining or by an immunoblot.
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Table 13: Composition of SDS-stacking and -separating gel. Volumes are calculated for 6 gels using the Bio-Rad system.

Compound Separating gel (11%) Stacking gel (3%)
Rotiphorese® Gel 40 (19:1) 7 ml 1.9 ml

gel buffer (3x) 8.5 ml 6.4 ml

glycerol 25¢g -

H.O 7.9 ml 11 ml

APS (10%, w/v) 192 ul 96 ul

TEMED 38 ul 19 ul

7.2.11 Coomassie staining

To visualize separated proteins by a Coomassie-blue staining, the polyacrylamide gels were
incubated with Coomassie staining solution for at least 30 min at RT. Excessive dye was removed
by a gentle de-staining procedure using ddH,0 and heating the gel until only protein bands were
visible. Alternatively, InstantBlue™ Protein stain was used instead of Coomassie-blue. The
polyacrylamide gels were incubated with InstantBlue™ staining solution for 15-30 min at RT

according to the manufacturer’s instructions.

7.2.12 Silver staining

For fixation, polyacrylamide gels were incubated for 5 min at RT in 60 ml fixation solution. After
3x 5 s rinsing the gel in ddH,0, a wash step of 5 min at RT with ddH,0 was applied. Followed by
another rinsing step and pre-treatment with 60 ml acetone (50% v/v) for 5 min at RT. Acetone
was removed, and 60 ml of pre-treatment solution were added and incubated for 1 min at RT.
After a third rinsing in ddH20, the gel was incubated with impregnation solution for 8 min at RT.
The impregnation solution was removed, the gel rinsed for a fourth time and protein bands
detected by the addition of developing solution for 10-20 s. Depending on the intensity of the
silver stained protein bands, the developing solution was removed and 1% glacial acetic acid

(v/v) added to stop the reaction.

7.2.13 Immunoblotting

To detect low protein amounts (nM concentrations) and specific proteins (e.g. using cell lysate

or membranes), proteins were transferred onto polyvinylidene difluoride (PVDF) membranes
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(Thermo Scientific) for immunostaining with protein-specific primary and species-specific
secondary antibodies conjugated with the horseradish peroxidase (HRP). For semi-dry blotting,
PVDF membranes were first activated in methanol. Subsequently, the polyacrylamide gel, PVDF
membrane, and two Whatman papers were equilibrated with transfer buffer for 1-2 min and
arranged in the following order (from anode to cathode) using the semi-dry setup from Bio-Rad:
Whatman paper, PVDF membrane, polyacrylamide gel, Whatman paper. Blotting was
performed for 30 min at 25 V. To avoid unspecific binding of the antibodies, the PVDF membrane
was incubated with blocking buffer for 30 min at RT. After three washing steps of 5 min each
with PBS-T, the primary antibody was added and either incubated for 1 h at RT or overnight at
4 °C. Antibodies used within this study are summarized in Table 1. Before adding the secondary
antibody, PVDF membranes were washed three times with PBS-T for 5 min each. Mostly, as
secondary antibody, the anti-mouse 1gG peroxidase-conjugate (Sigma-Aldrich) was used and
incubated for 1 h at RT. After a third washing procedure, protein bands were detected by the

addition of ECL solution 1 and 2 mixed in a 1:1 ratio using a Lumi Imager F1™ system (Roche).

For nanobody detection, the PVDF membranes were incubated with the CaptureSelect™ Biotin
anti-C-tag conjugate (Life technologies) and a Streptavidin-HRP conjugate (Thermo Scientific)
mixed in a 1:1 ratio (1:4,000 dilution) and incubated for 1 h at RT. The CaptureSelect™ Biotin

anti-C-tag conjugate binds to the C terminal EPEA-tag of the nanobodies.

7.2.14 Bradford assay

As an alternative to determining the protein concentration by measuring the absorption at
280 nm using a Nanodrop spectrophotometer ND-1000 (Peqglab), a Bradford assay was
performed. 10 pl of protein sample were mixed with 290 pl of the Coomassie Plus™ Protein
Assay reagent (Thermo Scientific). As protein standard for quantification, BSA dilutions from
0.125 to 1 mg/ml were prepared. After 5-10 min incubation at RT, the absorbance at 600 nm
was measured by a microplate reader (CLARIOstar®, BMG LABTECH).

7.2.15 Size exclusion chromatography

For detergent and buffer exchange, purification, and to analyze homogeneity of purified protein
samples, a size exclusion chromatography was performed. Table 14 summarizes all fast protein
liquid chromatography (FPLC) and high-performance liquid chromatography (HPLC) columns

used in this study.
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Table 14: FPLC and HPLC columns.

Column Supplier Flow rate System
KW404-4F Shodex 0.3 mg/ml Shimadzu
TSKgel® G3000SWx. Tosoh Bioscience LLC 0.5 mg/ml Shimadzu
AKTApurifier
Superdex™ 200 Increase 10/300 GL  GE Healthcare 0.5 mg/ml AKTApurifier
Superdex™ 200 Increase 3.2/300 GE Healthcare 0.08 mg/ml  Ettan LC

7.2.16 Detergent exchange to amphipols

For structural studies of TAP by single-particle electron microscopy, GDN was replaced by an
amphiphilic polymer, amphipol A8-35. TAP and A8-35 were mixed in a protein-to-amphipol ratio
of 1:5 (w/w) and incubated for 30 min at 4 °C. For detergent removal, SM-2 Biobeads (Bio-Rad)
were added and incubated for at least 3 h at 4 °C. For complete detergent removal, a dilution
(at least 5-fold) and concentration step using Amicon® Ultra-0.5 ml centrifugal filters with a
100 kDa cut-off (Millipore) was applied. To remove unbound polymers, the sample was applied
onto a TSKgel® G3000SWx, column (Tosoh Bioscience LLC) equilibrated with TAP storage buffer

without detergent. The TAP-containing peak fraction was used for immediate grid preparation.

7.2.17 GraFix

Gradient Fixation (GraFix), developed by Kastner et al. (149), is a method for a mild and slow
fixation of protein complexes by intramolecular cross-linking (150). 60 pmol '“"“’cTAP1/cTAP1
were applied onto a continuous glycerol gradient (10-30%) with increasing concentrations of
glutaraldehyde (0.2% as highest concentration) and centrifuged for 18 h at 200,000 x g and 4 °C
using an SW41 Ti swing out rotor (Beckman Coulter). The gradient was fractionated from the
bottom and TAP-containing fractions were pooled. To decrease the glycerol content for single-
particle electron microscopy, a buffer exchange to TAP storage buffer was performed using

Zeba™ Spin Desalting columns (7 kDa cut-off, Thermo Scientific).
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7.3 Biophysics

7.3.1 Electron microscopy (EM)

All EM work presented in this thesis was performed in collaboration with the Kihlbrandt
laboratory/Moller laboratory at the Department of Structural Biology, Max Planck Institute of

Biophysics, Frankfurt.

7.3.1.1 Single-particle negative-stain EM

2 ul of purified protein (3-10 ug/ml) were applied to a glow-discharged carbon-coated copper
grid (400 mesh) and stained with 2% uranyl formate. Data were collected on a Tecnai-Spirit
transmission electron microscope (Thermo Fisher, former FEI), operated at 120 kV and equipped
with a Gatan 4x4k CCD camera. Images were automatically collected on a CCD camera using the
Leginon software package (151) at a nominal magnification of x42,000, corresponding to a pixel
size of 2.68 A. For automated particle selection, the Appion software package was used (152).
Stacks containing roughly 30,000-80,000 preselected particles were subjected to a reference-
free 2D classification utilizing the Relion 1.3 software package (153). As an alternative, the
cisTEM software package was applied for particle selection and reference-free 2D classification

(154).

7.3.1.2 Cryo-EM sample preparation, data acquisition, and image processing

All cryo-EM work and analysis were done by Dovile Januliene and Arne Moller (Moller

laboratory, Department of Structural Biology, Max Planck Institute of Biophysics, Frankfurt).

For cryo-EM grid preparation, 3 pl of 0.8-1.2 mg/ml TmrAB"Y™-Nb or TmrAf@B-Nb complexes
(with or without nucleotides and substrate) were applied onto freshly glow-discharged
Quantifoil grids with gold support (R2/2 or R1.2/1.3) and plunge-frozen in liquid ethane using a
Vitrobot Mark IV (Thermo Fisher) with the environmental chamber set to 100% humidity and
4 °C. For the turnover experiment, TmrAB"'™-Nb was incubated at 45°C with 6 mM MgCl,, 5 mM
ATP, and 50 uM C4F for 1 min and immediately plunge-frozen. For the TmrA®@Barp experiment,
1 mM of ATP was used and activation at 45°C was extended to 5 min. The same ATP

concentration and incubation time was used in the TmrABarr.vi experiment with addition of
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orthovanadate (1 mM). TmrAEBarp.ape experiment was carried out in an identical manner same

with addition of 1 mM ATP and 1 mM ADP.

Micrographs were recorded automatically with EPU, using a Titan Krios microscope operated at
300 kV (Thermo Fisher), equipped with a BioQuantum energy filter and a K2 camera (Gatan) at
a nominal magnification of x130,000, corresponding to a pixel size of 1.077 A. Dose-fractionated
movies were acquired at an electron flux of 9-9.5 e-/pixel/s over 8 s with 0.2 s exposures per

frame (40 frames in total), corresponding to a total electron dose of ~62 e-/A2. Images were

recorded in the defocus range from -0.8 to -2.8 um. Data collection quality was monitored

through Warp.

Frame-based motion correction was performed using Relion3 (155) implementation of
MotionCor2 (156) with a dose filter of 1.5 or 1.6 e-/A2/frame. The contrast transfer function
(CTF) was estimated from non-dose weighted images, using Gcetf (157) within Relion3. Initially,
images were pre-processed either in cisTEM (154) or in Warp and the particles, obtained from
one of these softwares, were subjected to likelihood based 2D classification in Relion3. The best
2D-classes were used to generate templates for automated particle selection in Relion3. Picked
particles were extracted at a box size of 64 pixels with 4.308 A/pixel and directly subjected to a
single round of multi-model 3D classification to eliminate particles of poor quality. The cryo-EM
map of TmrAB in IF conformation (EMDB 6085) was used as a starting reference. Selected maps
at 8.6 A resolution (Nyquist for the binned data) readily revealed multiple conformations. The
selected particles from each conformation were re-centered and re-extracted at full pixel size.
Each conformation was refined individually. Particles were polished and ctf refined as
implemented in Relion3. To further sort out conformational variability, refined particles were
subjected to the next round of 3D classification using local searches. Particles from the best
classes were further refined and post-processed, resulting in final maps. In cases where high
flexibility was observed, especially for IF conformation, none uniform-Refinement in CryoSPARC

(158) was used. No symmetry was applied at any step of processing.

7.3.2 Model building

Initial models were prepared and kindly provided by Ahmad Reza Mehdipour (Hummer
laboratory, Department of Theoretical Biophysics, Max Planck Institute of Biophysics, Frankfurt).
Final models were kindly provided by Christoph Thomas (Tampé laboratory, Institute of

Biochemistry, Goethe-University, Frankfurt).
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In order to build structural models of TmrAB, three initial models were used: 1) the equilibrated
X-ray structure taken from previously published data (15), which was used for fitting of the
inward-facing maps. 2) An OF-occluded model obtained from targeted MD based on the McjD
structure (43). This model was used for the OF-occluded maps. 3) An OF-open model obtained
from targeted MD based on the Sav1866 structure (33). This model was used for the OF-open

maps.

In the initial fitting, cascade molecular dynamics flexible fitting (cMDFF) simulations was used
(159). The MDFF plugin v0.4 in VMD1.9.2 was used to perform MD simulations guided by the
cryo-EM density maps. The cMDFF simulations were performed in vacuum and with a gscale
factor of 0.3, which describes the strength of the external potential derived from the EM density
map. In cMDFF, the EM maps were smoothened by applying a series of Gaussian blurs with
increasing half-widths to obtain a set of theoretical maps with gradually decreasing resolution;
o0 = 0 A corresponds to the actual map, and o > 0 A corresponds to a smoothened one. Here, the
following settings were used: 0.5 2 6 2 5.0 A. Primarily, the models were docked rigidly into the
EM maps with Situs 2.7.2. Afterwards, the initial docked model was fitted to the smoothest map
(i.e. the one with the largest o value). Then, the resulting fitted model was flexibly fitted to the
next higher-resolution map in the series. These fitting and fitted model refreshment steps were
repeated through the series of maps in order of decreasing o, until the model was finally fitted
to the actual EM map. At each step, 200 ps MDFF simulation was performed followed by 1000
steps of minimization. Secondary structure, chirality, and cis-peptide restraints were used
during the MDFF simulation in order to enforce the original secondary structure, chirality, and

isomerism.

The OF-occluded structure of McjD (PDB: 4PLO, (43)) was used to construct an OF-occluded
model of TmrAB. A pairwise sequence alignment of TmrAB with McjD was generated using
CLUSTALW (160). An OF-occluded model of TmrAB was constructed using the X-ray structure of
McjD as template using MODELLER 9v14 (161), based on the sequence alignment. Among 100
models, the one with the highest MODELLER score and best PROCHECK profile was selected for
further analysis. This model was used as the target structure in a targeted MD simulations using
NAMD v2.9 (162). A bias potential acting on the Ca RMSD pushed the initial structure, the POPE-
membrane embedded IF structure of TmrAB, toward the target structure, the OF-occluded
state. The targeted MD run was 10 ns. After the targeted MD run, 2 ATP molecules and 2 Mg*
were placed in the nucleotide-binding site and the system was equilibrated in a 10 ns run with

restraints on the Ca positions to relax the lipids and water molecules around the protein.
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Afterwards, a 50 ns unbiased production run was performed. The OF-open model of TmrAB was
generated using the previously described protocol based on the OF-open structure of Sav1866

(PDB: 20NJ, (33)).

All-atom explicit solvent MD simulation was performed for lipid-membrane embedded TmrAB.
According to MCCE (163) electrostatics calculations for neutral pH, all Asp, Glu, Arg and Lys
residues were charged. All His residues were neutral, protonated at either the No or Ne atoms
according to the network of hydrogen bonds. Both TmrAB structures were embedded in a mixed
bilayer of POPE and POPG lipids (164). The IF, OF-occluded and OF-open systems were
containing 253PE/253PE, 298PE/298PE and 250PE/252PG, respectively. All systems were
hydrated with 150 mM KCI electrolyte, resulting of ~13x13x17. The modified all-atom
CHARMM36 force field (165) was used for protein, lipids, and ions, and TIP3P was used for water
molecules. The MD trajectories were analyzed with Visual Molecular Dynamics (VMD) (166). All
simulations were performed using GROMACS 5.0.6 (167). The starting systems were energy
minimized for 5,000 steepest-descent steps and equilibrated initially for 500 ps of MD in an NVT
ensemble and later for 8 ns in an NPT ensemble under periodic boundary conditions. During
equilibration, the restraints on the positions of non-hydrogen protein atoms of initially
4000 k) mol™ nm? were gradually released. Particle-mesh Ewald summation with cubic
interpolation and a 0.12 nm grid spacing was used to treat long-range electrostatic interactions.
The time step was initially 1 fs and then increased to 2 fs. The LINCS algorithm was used to fix
all bond lengths. Constant temperature was set with a Berendsen thermostat with a coupling
constant of 1.0 ps. A semi isotropic Berendsen barostat was used to maintain a pressure of 1 bar.
During the production run, the Berendsen thermostat and barostat were replaced by a Nosé-
Hoover thermostat and a Parrinello-Rahman barostat. Analysis was carried out on

unconstrained simulations.

The models were refined using Coot (168) and phenix.real_space_refine (169). Models were

validated with built-in functions of Coot, with MolProbity (170), and PROCHECK (171).
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8. Results and Discussion

8.1 Structural analysis of human cTAP

8.1.1 Purified cTAP is functional in peptide binding and translocation

In order to determine the structure of unique conformations of TAP, human cTAP1mMVenus
His10 fcTppgmCeruleansstrepll and the |CP47-TAP fusion construct '©47cTAP1mVenus-His10 /T ppmCerulean-
stepll were investigated regarding stability, homogeneity, and function. Both constructs carry two
fluorescent fusion proteins (mVenus and mCerulean) followed by two purification tags (Hisio-
tag fused to cTAP1 and Strepll-tag fused to cTAP2) to allow for the stoichiometric purification of
both half-transporters (145). cTAP and '®cTAP were produced using the methylotrophic yeast
Pichia pastoris. After membrane preparation and solubilization in 1% GDN, both constructs were
purified via an orthogonal affinity purification strategy by Ni?*-NTA and a StrepTactin matrix to
guarantee the isolation of stoichiometrically well-defined, heterodimeric TAP complexes (Figure
8). Homogeneity and 1:1 stoichiometry of TAP1 and TAP2 were shown by multicolor
fluorescence-detection size-exclusion chromatography (MC-FSEC) utilizing the two fluorescent

fusion proteins (Figure 8a and c), and SDS-PAGE gel analysis (Figure 8b and d).

In 2011, Scholz et al. emphasized the importance of a native lipid environment for restoring TAP
function (94). Thus, purified cTAP was reconstituted into LUVs composed of E. coli polar lipids
and DOPC in a 7:3 ratio and peptide translocation was measured (Figure 9). Additionally, as an
alternative approach to embed TAP into a native-like environment with defined lipid
composition, TAP was reconstituted into nanodiscs utilizing the membrane scaffold protein
MSP1D1. By MC-FSEC, TAP-containing nanodiscs were separated from lipid-only particles.
Exemplarily, the reconstitution of '““’cTAP into MSP1D1 nanodiscs is shown (Figure 8e). SDS-

PAGE analysis of the peak fraction revealed a stoichiometric TAP/MSP1D1 complex (Figure 8f).
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Figure 8: Purification of TAP variants. a, MC-FSEC elution profile of cTAP upon solubilization in 1% GDN (w/v) and
tandem affinity purification via Hisio- (CTAP1) and Strepll-tag (cTAP2). b, InstantBlue™-stained SDS-PAGE gel of the
sample isolated by SEC. ¢, MC-FSEC elution profile of I47cTAP. d, InstantBlue™-stained SDS-PAGE gel of the sample
isolated by SEC. e, 'P47cTAP reconstituted into MSP1D1 nanodiscs. By MC-FSEC, 'P47cTAP-containing nanodiscs (front
peak) were separated from empty nanodiscs. f, Reconstitution efficiency and stoichiometry were determined by an
InstantBlue™-stained SDS-PAGE gel of purified '®7cTAP nanodiscs. a, ¢, e, Column: KW404-4F (Shodex). Void and

total column volume are indicated by vo and vy, respectively.

Functionality and stability of cTAP were shown by peptide binding, peptide transport, and ATP
hydrolysis activity measurements (Figure 9). In agreement with previously published data (145),
purified TAP was capable of binding the fluorescently-labeled high-affinity substrate CAF
revealing 29.3+0.4% of cTAP showing peptide binding (Figure 9a). Additionally, a 3-fold
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stimulated ATPase activity with a turnover of 2.5 ATP min* cTAP! was observed upon addition
of the high affinity substrate R9LQK (Figure 9b). To follow peptide translocation, cTAP-containing
proteoliposomes were enriched by centrifugation on a continuous Ficoll density gradient (Figure
9d) and ATP-dependent transport of the high-affinity peptide C4F was measured. Specificity of
transport was proven since transport could be competed by the addition of a 100-fold excess of

unlabeled competitor peptide R9LQK (Figure 9c).
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Figure 9: Purified cTAP is active in peptide binding and translocation. a, Substrate binding of cTAP was explored by
a filter-based binding assay. 4 pug cTAP were incubated with 1 uM C4F (RRYFCKSTEL, black bar) for 15 min at 4 °C. C4F
binding was competed by the addition of 250 uM of unlabeled peptide ROLQK (RRYQKSTEL, white bar). Data were
measured in triplicates. Error bars indicate SD. b, ATPase activity of cTAP was determined by a malachite-green based
ATPase assay. 500 nM cTAP were incubated with 3 mM MgCl,, 1 mM ATP, and with (black bar) or without (white bar)
1 uM RILQK peptide for 30 min at 37 °C. Data were measured in triplicates. Error bars indicate SD. ¢, ATP-dependent
substrate translocation of cTAP in proteoliposomes composed of E. coli polar lipids and DOPC (7:3). Reconstituted
cTAP was incubated with 1 uM C4F peptide, 3 mM MgCl,, and 3 mM ATP (black bars) or 3 mM ADP (white bars) and
transport measured for 15 min at 37 °C. To proof specificity of transport, 100 uM of unlabeled competitor peptide
RILQK were added. Data were measured in triplicates. Error bars indicate SD. d, cTAP-containing proteoliposomes
(fraction 6) were enriched and separated from protein aggregates (fraction 18) by Ficoll density gradient

centrifugation (0-10%).

These data show that isolated TAP complexes fulfill all quality criteria (purity, stoichiometry of
the two ABC half-transporters, and functionality) and can be used for antibody selection and

structural studies.

61



8.1.2 Antibodies as stabilizing chaperones of selected functional states of TAP

In order to stabilize certain functional states of TAP, synthetic antibodies and nanobodies were
generated in collaboration with Pawel Dominik (Kossiakoff laboratory, Department of
Biochemistry and Molecular Biology, The University of Chicago, Chicago, IL, USA) and Els Pardon
(Steyaert laboratory, VIB-VUB Center for Structural Biology in Brussels, Vrije Universiteit Brussel,
Brussels, Belgium). The antibody selection was performed within the context of research visits

at the Kossiakoff laboratory and the Steyaert laboratory.

8.1.2.1 Selection of synthetic antibodies

In order to immobilize TAP-containing nanodiscs on streptavidin-coated beads for antibody
selection, the MSP was chemically biotinylated. The advantage of scaffold protein-labeling is the
generation of biotinylated nanodiscs without affecting the inserted membrane protein. A pull-
down experiment using streptavidin-coated magnetic beads revealed an immobilization

ICP47

efficiency of 80% (Figure 10; exemplarily shown for CTAP nanodiscs).
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Figure 10: Immobilization efficiency of '»7cTAP nanodiscs. Chemically biotinylated '?47cTAP-containing nanodiscs
were incubated with streptavidin-coated magnetic beads (Dynabeads® M-280 Streptavidin; Invitrogen). After 1 h
incubation at 4 °C, unbound nanodiscs were removed by several washing steps. For elution, 1% FC-12 was added to
disrupt the nanodiscs. Beads were resuspended in 1x SDS sample buffer. I: input; FT: flow-through; W: wash; E:

elution, B: beads. *: streptavidin.
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In total, five consecutive rounds of phage-displayed library sorting were performed with
gradually decreased TAP concentrations (starting with 1 uM to a final concentration of 90 nM in
the fifth round). Prior to the selection, TAP was treated with TEV protease for removal of the
fluorescent tags to avoid the enrichment of mVenus/mCerulean-binding antibodies.
Additionally, empty non-biotinylated nanodiscs were added as soluble competitors during
incubation with the phage-displayed library. According to Dominik et al., the sorting process was
monitored by comparing the enrichment of eluted phages after each sorting round (Figure 11)
(113). A 12-fold enrichment was observed for '“““’cTAP-containing nanodiscs (Figure 11a) and a

5-fold enrichment for cTAP-containing nanodiscs (Figure 11b).
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Figure 11: Enrichment of eluted phage particles after 314, 4th, and 5t round of phage-displayed library sorting
against TAP. After each sorting round, E. coli XL-1 cells were infected with eluted phage particles and plated in serial
dilutions on LB agar plates supplemented with ampicillin. By comparing the number of colonies of either the TAP-
containing sample (P: protein), beads only (B: beads; indicator for stickiness of eluted phage particles) or empty
nanodiscs (N: negative control) after each round, the enrichment was determined. a, '®7cTAP-containing nanodiscs.

b, cTAP-containing nanodiscs.

After sorting, individual clones from round four to five (127 individual clones selected against
ICP47cTAP nanodiscs, 63 clones selected against cTAP nanodiscs) were picked and phages were
produced in E. coli XL-1 cells to perform single-point phage enzyme-linked immunosorbent
assays (ELISA). ELISA analysis revealed >95% of all tested synthetic antibodies as strong and
specific TAP-binders (Figure 12 and Figure 13). Based on the ELISA results, the DNA of 140 clones
was isolated, amplified, and sequenced, resulting in 17 and 23 unique antibody clones, which

ICP47

bound specific to CTAP and cTAP, respectively.
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Figure 12: Specificity of putative 'P’cTAP-binding single clones tested by phage ELISA. Phages amplified and
produced in E. coli XL-1 cells were added to neutravidin-captured biotinylated '®47cTAP-nanodiscs (45 nM, black bars).
Bound phages were detected with an anti-phage antibody directed against filamentous M13 phages. As negative
control, phages were incubated with neutravidin only (white bars) and empty nanodiscs (45 nM, grey bars). Bars
(white/grey/black) indicate single measurements. a, Single clones after 4t sorting round. b, Single clones after 5t

sorting round.
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Figure 13: Specificity of putative cTAP-binding single clones tested by phage ELISA. Phages amplified and produced
in E. coli XL-1 cells were added to neutravidin-captured biotinylated cTAP-nanodiscs (90 nM, black bars). Bound
phages were detected with an anti-phage antibody directed against filamentous M13 phages. As negative control,
phages were incubated with neutravidin only (white bars) and empty nanodiscs (90 nM, grey bars). Bars
(white/grey/black) indicate single measurements. a, Single clones after 4t sorting round. b, Single clones after 5t

sorting round.

Taken together, after five rounds of phage-displayed library sorting, 40 unique single clones
were identified that were capable of binding specific to TAP. To further characterize the TAP-
antibody interaction, initially 10 synthetic antibodies (4 clones binding to '®*’cTAP and 6 clones
binding to cTAP) were chosen based on their abundance and diversity of CDR3. The antibody-
encoding sequences were cloned into a bacterial expression plasmid and produced utilizing
E. coli BL21 cells. Out of 11 bacterial expression culture, milligram quantities of >99% pure
antibody were obtained after a two-step purification via protein A (HiTrap MabSelect SuRe

column; GE Healthcare) with subsequent cation exchange chromatography.

To analyze stable TAP/antibody complex formation, a gel filtration shift assay was performed.
Synthetic antibodies C2, E2, and F8 formed stable complexes with detergent solubilized '“"*’cTAP
(Figure 14). Only for synthetic antibody A6 no shift of the retention volume was observed upon

h ICP47

incubation wit CTAP. For putative cTAP-binding synthetic antibodies, no complex formation

was observed at all (data not shown).
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Figure 14: Synthetic antibodies C2, E2, and F8 form stable complexes with 'P47cTAP. 47cTAP/sAB complex
formation. TEV-treated 'P7cTAP was incubated with a 1.25-fold molar excess of sAB for 15 min on ice prior to gel
filtration (column: TSKgel® G3000SWy.; Tosoh Bioscience LLC). Void volume is indicated by vo. In order to illustrate

stoichiometric binding, data were normalized to the '®7cTAP run without sAB (/P47cTAP only).

Taken together, these data demonstrate the generation of highly specific anti-“®cTAP
antibodies (C2, E2, and F8), which form stable and stoichiometric TAP/antibody complexes for

further investigation by single-particle EM.

8.1.2.2 Selection of nanobodies

For llama immunization, proteoliposomes were shown to serve as a stable system to maintain
the native conformation of membrane proteins (126, 172). Therefore, '““’cTAP and cTAP were
reconstituted into proteoliposomes and were injected weekly over a time period of 6 weeks
with starting concentrations of 200-300 pg of reconstituted protein to stimulate the llama’s
immune response. After the immunization process, B-cells were isolated, the total RNA was
prepared and reverse transcribed. The cDNA repertoire was used to amplify the nanobody-

encoding sequences and reformatted into a phage display vector for selection (126).

For the phage-displayed library sorting, either biotinylated TAP in GDN, in proteoliposomes or
TAP reconstituted in biotinylated nanodiscs were immobilized on a solid phase (50 nM). In
comparison to the fully synthetic antibody library, two selection rounds were sufficient to
achieve a strong enrichment of TAP-binding nanobodies. Additionally, ligands like R9LQK
peptide or ATP-Mg?* were added during the sorting procedure. For most of the selection
conditions, a strong enrichment was achieved after the first sorting round (Table 15).

ICP47

Surprisingly, for cTAP in nanodiscs, even after the second round of phage-displayed library

sorting, no enrichment was achieved.
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Table 15: Enrichment results after two rounds of library sorting.

Antigen Enrichment Comments
ICP47cTAP 1%t sorting round 2" sorting round ligands
nanodiscs no enrichment no enrichment ICP47-fusion
proteoliposomes 300-fold - ICP47-fusion
GDN 90-fold - ICP47-fusion
cTAP

nanodiscs no enrichment - =

nanodiscs no enrichment - RILQK, ATP-Mg?*
proteoliposomes no enrichment 210-fold -

GDN 75-fold - -

GDN 131-fold - RILQK, ATP-Mg?*

To screen for TAP-binding clones, 624 single clones were picked and E. coli periplasmic extract
containing nanobodies was prepared to perform a single-point phage ELISA (216 single clones

t ICP47

selected agains CTAP and 408 single clones selected against cTAP). The majority of single

clones bound specifically to '“P4’

CTAP and cTAP in GDN or proteoliposomes (Figure 15a and b).
No TAP-binding clones were selected for nanodiscs. Although empty nanodiscs were added as
soluble competitors in excess during the nanobody selection, only MSP-binding nanobodies

were identified (Figure 15c).

However, based on the phage ELISA results, the DNA of 286 clones was amplified by PCR and
sequenced, resulting in 145 unique nanobody clones. Based on the similarity in their CDR3
sequence, these nanobody clones were grouped into 29 nanobody families (a nanobody family
is defined as a group of nanobodies with identical CDR3 length and >80% sequence identity

(126)).
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Figure 15: Specificity of TAP-binding nanobodies. The periplasmic extract (PE) of nanobody-producing E. coli cells
(1:5 dilution) was added to neutravidin-captured biotinylated TEV-treated TAP (45 nM, black bars). For detection of
bound nanobody, an anti-His antibody (1:3,000) was added followed by an anti-mouse antibody with an alkaline
phosphatase conjugated (1:10,000). As negative control, PE was incubated with neutravidin only (white bars) or
empty nanodiscs (grey bars). Bars (black/grey/white) indicate single measurements. a, '®7cTAP in GDN (left panel),
CTAP in GDN (right panel). b, '®7cTAP in proteoliposomes (left panel), cTAP in proteoliposomes (right panel). c,

ICP47cTAP-containing nanodiscs (left panel), cTAP-containing nanodiscs (right panel).

Initially, out of 29 nanobody families, 13 nanobody clones selected against '“?*’cTAP were chosen
to be further characterized regarding the TAP-nanobody interaction. For nanobody production,
nanobody-encoding sequences were expressed in E. coli BL21 cells using the original display
plasmid. Out of 11 bacterial culture, milligram quantities of >99% pure nanobodies were

obtained after a two-step purification via IMAC and subsequent gel filtration.

Specific binding of all purified nanobodies to '“’cTAP was shown by an ELISA (Figure 16a). To

ICP47

further investigate the cTAP-nanobody interaction, complex formation was analyzed by SEC.

Unexpectedly, only for nanobody 244 coelution with '®*’cTAP was observed (20%). No stable

ICP47cTAP/nanobody complexes could be isolated (Figure 16b and c).
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Figure 16: '®»47cTAP-nanobody interaction. a, Specific binding of nanobodies to '®»’cTAP in GDN. 1 uM of nanobody
was added to neutravidin-captured biotinylated TEV-treated !°P47cTAP (45 nM, black bars) and incubated for 1 h at
4 °C. For nanobody detection, an anti-His antibody (mouse, 1:3,000 dilution) was added followed by an anti-mouse
HRP conjugate (1:10,000 dilution). TAP samples were measured in triplicates. White bars represent background
binding (single measurements). Error bars indicate SD. b, '®®47cTAP/nanobody complex formation. '®47cTAP was
incubated with a 1.25-fold molar excess of nanobody for 15 min on ice prior to gel filtration. Column: KW404-4F
(Shodex). Void volume is indicated by vo. ¢, InstantBlue™-stained SDS-PAGE gel of TAP/nanobody samples upon gel

filtration.
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8.1.3 Electron microscopy of human '®’cTAP

In order to perform electron microscopy, "4’

cTAP was chosen for first trials due to the higher
stability in comparison to cTAP and the conformational locking by ICP47. To gain first insights
into the stability and homogeneity of purified '“““’cTAP, TAP samples were applied to negative-
stain EM. All EM work was performed in collaboration with either Simone Prinz (Kiihlbrandt
laboratory, Department of Structural Biology, Max Planck Institute of Biophysics, Frankfurt) or
Arne Moller and Dovile Januliene (Méller laboratory, Department of Structural Biology, Max

Planck Institute of Biophysics, Frankfurt) at the Max Planck Institute of Biophysics.

Upon the orthogonal affinity purification, '4/cTAp1mVenus-Hisl0/cTpppmCerulean-Strepll \yag TEV
treated to remove the C-terminal fluorescence- and purification-tags. TEV protease and tags
were separated from TAP by SEC (Figure 17a). In order to avoid background signal caused by
excess of detergent micelles, detergent concentration was reduced to 0.01% GDN during SEC.
Immediately after SEC, '®’cTAP was applied to glow discharged carbon-coated copper grids and
stained with 2% uranyl formate. Micrographs were collected on a Tecnai-Spirit transmission
electron microscope (Thermo Fisher, former FEIl), operating at 120 kV and equipped with a

Gatan 4x4k CCD camera (Figure 17b).
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Figure 17: Negative-stain EM analysis of '»7cTAP in GDN. a, For removal of fluorescence- and purification-tags and
buffer exchange to 0.01% GDN, '®7cTAP was subjected to gel filtration. Column: TSKgel® G3000SWy. (Tosoh
Bioscience LLC). Void volume is indicated by vo. b, The peak fraction was applied to glow discharged carbon-coated
grids and stained with 2% uranyl formate. Micrographs were collected on a Tecnai-Spirit transmission electron
microscope (Thermo Fisher, former FEI), operated at 120 kV and equipped with a Gatan 4x4k CCD camera. Scale bar:
100 nm. (Micrographs were collected by Simone Prinz (Kiihlbrandt laboratory, Department of Structural Biology, Max

Planck Institute of Biophysics, Frankfurt)).
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ICP47cTAP migrated as a symmetric peak indicating a monodisperse and

Upon gel filtration,
homogeneous sample. In accordance with this result, negative-stain EM revealed a
homogeneous distribution of particles with a similar size (diameter of roughly 10 nm). Upon
analysis of the data, classical features of an ABC transporter, such as NBDs protruding from the
detergent micelle, were not detected. Based on this result, it was speculated that either the
intrinsic dynamic of the NBDs of 'cTAP is too high or the choice of detergent might be
reconsidered. Thus, the cross-linking reagent glutaraldehyde was added (Figure 18a). Upon
analysis of the sample by negative-stain EM, no improvement was observed. In order to
minimize the size of the detergent micelle, SM-2 Biobeads (Bio-Rad) were added prior to grid

preparation (Figure 18b). Again, upon analysis of EM data, no difference in comparison to

previous samples was observed.

+ .01% qutaraIdhyde + S-2 Biobeads
Figure 18: EM analysis of '»7cTAP upon fixation and detergent removal. a, Upon SEC of TEV-treated '“®*’cTAP, 0.01%
glutaraldehyde were added, and the sample incubated for 30 min on ice. For EM, the protein sample was applied to
glow discharged carbon-coated grids and stained with 2% uranyl formate. Micrographs were collected on a Tecnai-
Spirit transmission electron microscope (Thermo Fisher, former FEl), operated at 120 kV and equipped with a Gatan
4x4k CCD camera. Scale bar: 100 nm. b, For detergent removal, SM-2 Biobeads (Bio-Rad) were added and incubated

for 1 h on ice prior to grid preparation. Scale bar: 100 nm. (Micrographs were collected by Simone Prinz (Kiihlbrandt

laboratory, Department of Structural Biology, Max Planck Institute of Biophysics, Frankfurt)).

Next, a method called GraFix was applied (gradient fixation). GraFix combines the sedimentation
of protein complexes into a glycerol density gradient with chemical fixation by glutaraldehyde
(149). Hence, '““’cTAP was subjected to a 10-30% glycerol gradient supplemented with 0-0.2%
glutaraldehyde and 0.01% GDN. After centrifugation, fractions were collected and analyzed by

ICP47

negative-stain EM (Figure 19). cTAP was found in fractions 4 to 7. In contrast to an

improvement of the overall sample quality, particles were less well-behaved and even clustered.
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GraFix fraction 4 GraFix fraction 5

GraFix fraction 6 GraFix fraction 7

Figure 19: GraFix treatment of '®»7cTAP. Negative-stain EM analysis of fraction 4, 5, 6, and 7. 3 pl of sample were
applied to glow discharged carbon-coated grids and stained with 2% uranyl formate. Micrographs were collected on
a Tecnai-Spirit transmission electron microscope (Thermo Fisher, former FEl), operated at 120 kV and equipped with
a Gatan 4x4k CCD camera. Scale bar: 100 nm. (Micrographs were collected by Simone Prinz (Kihlbrandt laboratory,

Department of Structural Biology, Max Planck Institute of Biophysics, Frankfurt)).

So far, all analyzed particles did not contain adequate features for image alignment. Within this
study, two different types of antibodies (synthetic antibodies and nanobodies) were generated
to trap selected functional states of TAP and to serve as a tool for image alignment. Therefore,
ICP47cTAP/synthetic antibody complexes were isolated by SEC and were immediately used for
grid preparation (Figure 20). The unprocessed EM micrographs showed individual particles with
(presumably) bound antibody. Anyhow, upon 2D classification no classes were obtained

showing transporter-like features.
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Figure 20: Synthetic antibody C2 as fiducial marker for EM. a, '»7cTAP/antibody complex isolated by SEC. Synthetic
antibody C2 was added in a 1.25-fold molar excess and preincubated with TEV-treated '®#7cTAP for 15 min on ice.
Column: TSKgel® G3000SWy, (Tosoh Bioscience LLC). Void volume is indicated by vo. b, The peak fraction was applied
to glow discharged carbon-coated grids and stained with 2% uranyl formate. Micrographs were collected on a Tecnai-
Spirit transmission electron microscope (Thermo Fisher, former FEl), operated at 120 kV and equipped with a Gatan
4x4k CCD camera. Scale bar: 100 nm. (Micrographs were collected by Simone Prinz (Kihlbrandt laboratory,

Department of Structural Biology, Max Planck Institute of Biophysics, Frankfurt)).

In line with the stabilization of membrane proteins is the usage of amphipols, a class of
amphipathic polymers (173). One of the most commonly utilized amphipols is A8-35. The major
advantage of amphipols besides the biochemical stabilization of proteins is the possibility to
work with membrane proteins in detergent-free solutions. Thus, GDN was exchanged for A8-35
and amphipol-solubilized TAP-complexes were isolated by gel filtration (Figure 21). Exchange of
detergent for A8-35 did not disrupt the antigen translocation complex, but TAP was kept soluble
in detergent-free solution (Figure 21a). The excess of A8-35 was separated by SEC. Amphipol A8-
35 self-assembles into globular particles with an apparent MW of ~40 kDa (174). Despite an
improvement of the signal-to-background-ratio by the removal of detergent, still no ABC

transporter-like features were observed.
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Figure 21: Detergent exchange for amphipols. a, '‘®’cTAP and A8-35 were mixed in a protein-to-amphipol ratio of
1:5 (w/w) and incubated for 30 min at 4 °C. After detergent removal with SM-2 Biobeads (Bio-Rad), the sample was
applied to a TSKgel® G3000SWy, column (Tosoh Bioscience LLC). Asterisk: amphipol A8-35. b, The peak fraction was
applied to glow discharged carbon-coated grids and stained with 2% uranyl formate. Micrographs were collected on
a Tecnai-Spirit transmission electron microscope (Thermo Fisher, former FEI), operated at 120 kV and equipped with
a Gatan 4x4k CCD camera. Scale bar: 100 nm. (Micrographs were collected by Simone Prinz (Kiihlbrandt laboratory,

Department of Structural Biology, Max Planck Institute of Biophysics, Frankfurt)).

In summary, various methods were applied to improve the overall quality of TAP for EM. To

ICP47

inhibit the intrinsic dynamics of TAP, the CTAP fusion construct was used and different

fixation methods were applied. Moreover, different detergent concentrations were tested and

ICP47

GDN replaced by amphipols. Additionally, cTAP/antibody complexes were isolated and

subjected to EM analysis. But none of the approaches did improve the overall sample quality.

8.1.4 Discussion

8.1.4.1 Selection of state-specific antibody fragments

During ATP-driven substrate translocation, ABC transporters cycle between inward-open and
outward-open states, suggesting a trajectory of numerous transient intermediates (9, 12, 175).
Within the last few years, the number of high-resolution membrane transporter structures,
determined either by X-ray crystallography or by single-particle cryo-EM, has increased
exponentially. Especially recent advances in single particle cryo-EM, such as the development of
direct electron detectors, better microscopes, and improved image processing software,
resulted in structural insights of proteins that were refractory to crystallization (9, 42, 176-178).

A number of structures of ABC transporters haven been deposited, all presenting
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physiologically-relevant and unique conformational states. Nevertheless, these structures
represent only snapshots within the multitude of conformational states a highly dynamic ABC
transporter can adopt during substrate translocation (175). To be able to fully understand the
underlying mechanism of transport across membranes, it is of vital importance to elucidate the
full translocation cycle by structural, but also biochemical means. Thus, the aim of this project
was the stabilization of intermediates along the peptide translocation pathway to get insights
into the structural organization of TAP. When starting the project, the only high-resolution
structural information about TAP was based on the crystal structure of a Walker B/D-loop double
mutant of the NBD of rat TAP1 (27). Further high-resolution information about TAP was missing
and was eagerly awaited due to its important role as key player in the adaptive immune

response.

A promising approach for a conformational locking of TAP was the generation of state-specific
antibodies. Thus, within this project, two types of antibodies with very different properties were
generated: synthetic antibodies (based on a Fab scaffold) and nanobodies (126, 179). Because
of their size of approximately 50 kDa and the ability to form stable antibody/antigen complexes,
Fabs were proven to serve as perfect tools for particle alignment in single-particle cryo-EM
previously (14). The synthetic antibody approach used here combines this feature with a reduced
genetic code concept allowing for the generation of high-affinity antibodies, which form stable
complexes with highly dynamic membrane proteins (179). Nanobodies, in contrast, have a much
smaller size (~15 kDa), but possess an extended CDR-3 loop. This unique three-dimensional
structure allows for binding of epitopes, which cannot be reached by the concave antigen-
binding region of conventional antibodies and therefore implements a high potential for

nanobodies to trap selected functional states (126).

The selection of synthetic antibodies was performed against TAP ('*’cTAP and cTAP)
reconstituted in biotinylated nanodiscs. Upon five rounds of phage-displayed library sorting, 40
unique antibodies were identified. Out of ten synthetic antibodies, which were produced and
purified in a large scale, synthetic antibodies C2, E2, and F8 were shown to form stable,
stoichiometric complexes with '““’cTAP (Figure 14). Surprisingly, no cTAP/antibody complexes
could be isolated via SEC. Since this result differs strongly from what was observed by ELISA
upon single clone screening (Figure 13), it is tempting to speculate that selected anti-cTAP
antibodies did bind, but with rather low affinity. Previously, only a few examples of successful in

vitro selections against membrane proteins were shown (113, 131, 180, 181). Often, the
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diversity covered by phage display (102-10%°) might be insufficient to enrich high-affinity binders

and thus can lead to poorly enriched binder pools resulting in weak binding affinities (181, 182).

The nanobody selection, in contrast, offered the advantage of an in vivo maturation of the
antibody pool prior to phage-displayed library sorting (126). Upon a maximum number of two
sorting rounds and single clone screening, 29 nanobody families were identified, binding to
detergent-solubilized TAP and TAP in proteoliposomes. However, upon large scale nanobody
production and purification, no TAP/nanobody complexes could be isolated via SEC (Figure 16).
Within the context of this study, a Master thesis was designed and supervised, analyzing the

ICP47cTAP investigated by surface plasmon resonance

kinetics of nanobody binding to
(Conformation-specific nanobodies for functional studies of the heterodimeric ABC exporters
TmrAB and TAP, Lisa Marie Gottron, 2015). For all tested nanobodies, relatively fast off-rates

were determined (ranging from 1-6 x 10 s'1), which might explain the SEC results (Figure 16).

Unexpectedly, no enrichment of putative binding nanobodies was observed for TAP in
nanodiscs. In contrast, only MSP binding was observed (Figure 15). This differs fundamentally
from results obtained for the selection of synthetic antibodies. In theory, reconstitution of TAP
into a more native-like lipid environment should strongly increase the stability of the transport
complex (94, 145). This result indicates a strong selection bias, which could neither be tackled
by the immunization strategy applied, nor by the addition of empty nanodiscs as soluble

competitors.

Collectively, these results demonstrate the generation of specific high-affinity antibodies against
ICP47cTAP, but not cTAP (Figure 14, Figure 16). Many factors were considered that have an impact
on TAP stability and function, such as temperature, choice of detergent or importance of lipids,
before starting the antibody selection (55, 81, 94). To this end, stability and functionality of cTAP
was proven by various biochemical methods. cTAP eluted as a defined peak in gel filtration
(Figure 8) and was shown to bind and translocate peptides (Figure 9). Additionally, due to the
importance of lipids for TAP function, cTAP was reconstituted in nanodiscs (Figure 8) and
proteoliposomes (Figure 9). However, even though the whole antibody selection was performed
strictly on ice and incubation times were kept as short as possible, the procedure comprises
steps, such as extensive washing, that cannot be avoided and might result in a loss of protein
function or even protein precipitation and thus impair the outcome of the antibody selection.

Additionally, it is difficult to select for conformational states induced by the addition of non-

covalent ligands, because the risk of ligand dissociation during immunization or washing is
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extremely high. To overcome these limitations, a very elegant and novel approach for the
generation of single domain antibodies against distinct conformational states of membrane
proteins was presented in 2018 by Zimmermann et al. (181). Within this study, Zimmermann
and co-workers developed an in vitro selection platform combining ribosome and phage display
based on synthetic single domain antibodies named sybodies. To cover the natural shape
diversity of camelid nanobodies, three sybody libraries were designed based on prototypical
nanobody structures representing a concave, loop, and convex binding mode (181). Besides the
library design, also binding and selection mode were optimized with regards to an optimized
high-throughput screening process. Zimmermann and co-workers combined ribosome display
with phage-displayed library sorting to allow for processing of very large diversities. In the initial
round starting with ribosome display, 10%? different library members can be displayed (in
comparison to phage display with a starting diversity of 108-10%° binder candidates) (181-183).
Thus, Zimmermann et al. developed a selection procedure built as a selection cascade, which
starts with one round of ribosome display and is followed by two rounds of phage display with
varying immobilizations chemistries in every selection round (181). This selection approach
should be considered for a repetition of the selection of high-affinity state-specific cTAP-binding

antibodies.

8.1.4.2 Structural analysis of TAP by single-particle EM

When starting the project in 2015, the resolution revolution had just begun and new advances
in single-particle cryo-EM have enabled the determination of high-resolution structures of
proteins below 200 kDa (184, 185). For the structural analysis of TAP by single-particle cryo-EM,
ICP47cTAP was chosen due to the conformational locking by ICP47 and thus higher stability of the
TAP complex (81). First attempts by negative-stain EM revealed a homogenous distribution of
particles (Figure 17). Surprisingly, no transporter-like features, such as the NBDs protruding from
the detergent micelle, were observed. Various attempts were applied to increase the overall
sample quality. Systematically different detergents concentrations were tested (Figure 18),
glutaraldehyde as cross-linking reagent was added (Figure 19), and a detergent exchange for
amphipols was performed to stabilize the complex (Figure 21). To introduce an alignment

ICP47cTAP/C2 complex was isolated via SEC.

feature, synthetic antibodies were added and the
Even though the antibody was visible in the negative-stain micrographs, antibody addition did
not improve particle quality (Figure 20). Since there was no apparent difference between all

sample preparations independent of the addition of fixation reagent or detergent exchange, the
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data might be explained by a folding defect or loss of structural integrity of the complex induced

by fusion of ICP47 to TAP.

Notably, in 2016 Oldham and co-workers presented the structure of ICP47-trapped TAP
determined to 4.0 A by single-particle cryo-EM (16, 17). Within this study, purified ICP47 was
added to TAP-containing P. pastoris membranes and the stably-formed ICP47/TAP complex was
solubilized with 3-DDM. Upon affinity purification using a protein A affinity tag fused to TAP1,
homogenous ICP47/TAP complexes were isolated by SEC and used for cryo-EM. A new sample,
which was prepared according to the protocol published by Oldham et al. (solubilization and
purification in B-DDM, buffer exchange to 3-DDM and C12E8 (1 mM each) immediately before
grid preparation), did not show an improvement compared to all previous experiments. Since

ICP47

the published results could not be reproduced with the CTAP fusion construct, the decision

made to change the emphasis of the study and focus on the TAP ortholog TmrAB.
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8.2 Conformational cycle of TmrAB resolved by cryo-EM

In 2017, Noll et al. presented the 2.7-A X-ray structure of TmrAB in an unprecedented inward-
facing state (15). This structure, together with biochemical data, provided first insights into the
rearrangements of TmrAB during substrate translocation. However, for a complete
understanding of the events and conformational transitions that couple ATP binding and
hydrolysis to substrate translocation, structural information on intermediates was needed.
Therefore, one of the major objectives of this thesis was to stabilize conformational

intermediates to elucidate the complete catalytic cycle of TmrAB by cryo-EM.

8.2.1 Purification of TmrAB in catalytically active form

Production, purification, and reconstitution of TmrAB was carried out according to Noll et al.
(15). After purification by IMAC, TmrAB eluted as a defined peak during gel filtration (Figure
22a). Functionality of TmrAB was proven by ATP hydrolysis and peptide-transport assays. In
agreement with data published by Zutz et al., TmrAB hydrolyzed ATP with a turnover rate of
3.0+0.1 ATP s* (Figure 22b) (83).
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Figure 22: Purified TmrAB is active in ATP hydrolysis. a, Upon solubilization in 1% 3-DDM and IMAC, TmrAB was
further purified by SEC. Column: Superdex™ 200 Increase 10/300 GL (GE Healthcare). Void and total column volume
are indicated by vo and v, respectively. The peak fraction was analyzed by SDS-PAGE and Coomassie staining. b,
ATPase activity of TmrAB in 3-DDM. 200 nM TmrAB were incubated for 5 min at 68 °C with 3 mM MgCl, and increasing
concentrations of ATP. The Michaelis-Menten equation (Equation 1) was fitted to the data. Samples were measured

in triplicates. Error bars indicate SD.
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To further examine transporter function, ATP-dependent substrate accumulation within TmrAB
proteoliposomes was tested (Figure 23a). Re-solubilization of TmrAB upon reconstitution in
proteoliposomes revealed a reconstitution efficiency of >95%. (Figure 23b). The orientation of
TmrAB was determined by cleavage of the C-terminal Hisio-tag. Quantitative immunoblotting of
TEV-treated TmrAB revealed that >80% of all transport complexes were inserted in the right

orientation, with the NBDs pointing outwards (Figure 23c).
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Figure 23: TmrAB in proteoliposomes transports peptide substrates. a, Substrate translocation of TmrAB in
proteoliposomes composed of E. coli polar lipids/DOPC (7:3). 50 pg proteoliposomes were incubated with 1 uM C4F
peptide (RRYFCKSTEL), 3 mM MgCl;, and 3 mM ATP (black bar) or 3 mM ADP (white bar). Transport was measured for
5 min at 68 °C. Data were measured in triplicates. Error bars indicate SD. b, Re-solubilization of TmrAB with 1% [3-
DDM for 1 h at 4 °C. Input (I): TmrAB proteoliposomes prior to addition of f-DDM. Supernatant before spin down (S
before SP): Sample after incubation with 1% [3-DDM for 1 h at 4 °C. Supernatant after spin down (S after SP): Sample
after centrifugation for 30 min at 270,000xg. c, TEV cleavage of Hisio-tag of TmrA in proteoliposomes.
Proteoliposomes were incubated with TEV protease in a 10:1 ratio at 4 °C overnight. Control sample was treated with

1% TX-100.

In summary, purified TmrAB was catalytically active, showing turnover numbers in the range of

previously published data.

8.2.2 Generation of antibodies to trap selected functional states of TmrAB

For antibody selection, a catalytically inactive double cysteine variant of TmrAB (TmrA®416A E523Q
$527€gS503C) \as utilized to enrich synthetic antibodies/nanobodies against a conformation
different from the inward-facing state. This construct harbors two serine to cysteine mutations
at positions 527 (TmrA) and 503 (TmrB), which allow for disulfide cross-linking within the D-loop

of the NBDs to induce NBD dimerization. Solubilization and purification of TmrA®16A 523
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SS27CS30C was performed in presence of 1 mM B-mercaptoethanol to prevent oxidation.
Oxidative cysteine cross-linking was induced by a buffer exchange to SEC buffer without

reducing agent. SDS-PAGE analysis revealed a cross-link efficiency of ~70% (Figure 24).
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Figure 24: Purification of TmrAC416A, E523Q,5527CBS503C, Douyble cysteine cross-link formation of TmrAC416A, E523Q, 5527CBS503C

was induced by buffer exchange to SEC buffer without reducing agent via SEC. Column: Superdex™ 200 Increase
10/300 GL (GE Healthcare). Void and total column volume are indicated by vo and v, respectively. The peak fraction

was analyzed by a Coomassie-stained SDS-PAGE gel. Single subunits and cross-linked TmrAB are indicated.

8.2.2.1 Selection of synthetic antibodies

The selection of synthetic antibodies was performed as described previously. Biotinylated

TmrAC416A E523Q,5527CRS503C s 5 immobilized on streptavidin-coated beads via EZ-Link™ NHS-PEG4-

Biotin. A pull-down experiment revealed a labeling efficiency of 30% (Figure 25).
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Figure 25: Immobilization efficiency of TmrAC416A, E523Q, $527CBS303C, Bjotinylated TmrAC416A, E523Q, S527CBS503C g5
incubated for 1 h at 4 °C with streptavidin-coated magnetic beads. Unbound TmrAC416A, E523Q, S527CBS503C was removed
by several washing steps. Beads were resuspended in 1x SDS sample buffer. M: marker; I: input; FT: flow-through; W:

wash; B: beads. *: streptavidin.
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Five rounds of phage-displayed library sorting were performed with gradually decreased
TmrAC416A E523Q, $527CBS503C cqncentrations (500 nM to 30 nM). To enrich synthetic antibodies
against conformations different from the apo state, 5 mM MgCl, and 5 mM AMP-PNP were
added throughout the whole selection procedure. By comparing the number of eluted phages,

a 15-fold enrichment upon the 5" round of library sorting was observed (Figure 26).
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Figure 26: Enrichment of eluted phage particles after round 3 to 5 of phage-displayed library sorting against
TmrAC416A, E523Q, S527CBS503C, After each sorting round, E. coli XL-1 cells were infected with eluted phage particles and
plated in serial dilutions on LB agar plates supplemented with ampicillin. By comparing the number of colonies of
either the TmrAC416A, E523Q, 5527CBS503Ccontaining sample (P:protein) or beads only (B: beads; indicator for stickiness of

eluted phage particles) after each round, enrichment was determined.

After sorting, 96 individual clones from round three to five were picked and phages were
produced in E. coli XL-1 cells to perform single-point phage ELISAs. The majority of single clones

AC416A, E523Q, 5527CBSSOSC

bound specific to Tmr upon round four (Figure 27). Based on these data,

the DNA of 73 clones was isolated, amplified, and sequenced, resulting in 17 unique antibodies.
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Figure 27: Specificity of putative TmrACA416A, E523Q, $527CBS503C.hinding single clones tested by phage ELISA. Phages
amplified and produced in E. coli XL-1 cells were added to neutravidin-captured biotinylated TmrAC416A, £523Q, 5527CBS503C
(20 nM, black bars). Bound phages were detected with an anti-phage antibody directed against filamentous M13
phages. As negative control, phages were incubated with neutravidin only (white bars). Bars (black/white) indicate

single measurements.

To characterize the TmrAB-antibody interaction, six synthetic antibodies were produced and
purified in a large scale, yielding milligram quantities of >99% pure antibody. All six synthetic
antibodies formed stable stoichiometric TmrAC416A E523Q, 5527¢gS503C /3 ntihody complexes, which
could be isolated by SEC (Figure 28). Importantly, although Mg?* and AMP-PNP were added
during selection and single clone screening, all antibodies bound TmrAB without the addition of
any ligand. To test whether antibody binding is specific for TmrA®16A E523Q S527CBSS03C tha ghift
assay was repeated using TmrABY". All six synthetic antibodies formed stable complexes with
TmrABYT (data not shown). Collectively, these results show the generation of TmrAB-specific
high-affinity antibodies, but suggest that antibody binding is either not conformation-specific or

that the antibodies were raised against the 30% un-crosslinked TmrAB in the inward-facing state.
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Figure 28: Synthetic antibodies form stable complexes with TmrAC416A, E523Q, 5527CBS503C, g |solation of TmrAB/sAB
complexes by SEC. Prior to gel filtration, synthetic antibodies were added to TmrAB in a 1.25-fold molar excess and
incubated for 15 min onice. Column: Superdex™ 200 Increase 3.2/300 (GE Healthcare). Void and total column volume
are indicated by vo and v, respectively. In order to illustrate stoichiometric binding, data were normalized to the

TmrAB run without sAB (TmrAB only). b, Representative SDS-PAGE gels of TmrAB/sAB complexes isolated by SEC.

8.2.2.2 Selection of nanobodies

Nanobodies were selected by phage-displayed library sorting against neutravidin-captured
biotinylated TmrA®416A E523Q,5527CgS503C jn 3.DDM or TmrA®16A E523Q,3527CRS503C pratepliposomes
(20 nM). In contrast to the previously described selection of synthetic antibodies, ATP instead
of the non-hydrolysable ATP analogue AMP-PNP was added throughout the nanobody selection
procedure. Upon two rounds of library sorting, a strong enrichment (>1000-fold) of putative
TmrAC416A E523Q, 5527CpSS03C_hinding nanobodies was achieved. By phage ELISA, 144 single clones
were analyzed to screen for putative TmrA®*16A E523Q S527CBSS03C_hinding clones (Figure 29).
Especially for proteoliposomes, the majority of single clones bound specific to

Tm r.AC416A, E523Q, 5527CBSSOSC (Figure 29b)
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Figure 29: Specificity of putative TmrAC416A, E523Q, S527CBS503C.hinding single clones tested by phage ELISA. The
periplasmic extract (PE) of nanobody-producing E. coli cells (1:5 dilution) was added to neutravidin-captured
biotinylated TEV-treated TmrAC416A, E523Q, 5527CRS503C (20 nM, black bars). For detection of bound nanobody, an anti-His
antibody (1:3,000) was added followed by an anti-mouse antibody, which was conjugated to alkaline phosphatase
(1:10,000). As negative control, PE was incubated with neutravidin only (white bars). Bars (black/white) indicate single

measurements. a, TmrAB in 3-DDM. b, TmrAB proteoliposomes.
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Based on the ELISA results, the DNA of 80 clones was PCR-amplified and sequenced, resulting in
53 unique nanobody clones. These 53 nanobody clones were classified into 12 nanobody
families (by definition, nanobodies from the same family derive from the same B-cell lineage
and, thus, bind to the same epitope on the antigen (126)). For further analysis of the
TmrAB/nanobody interaction (Figure 30), ten single clones were produced and purified in a large
scale (nanobodies 265, 268, 269, 272, 293, 294, 295, 296, 299, and 300). All ten nanobodies
bound specific to TmrAB (Figure 30a) and formed stable TmrAB/nanobody complexes (Figure
30c). Additionally, by immunoblotting utilizing the purified nanobodies as detection reagents
the epitope was narrowed down to either the A (nanobody 268) or B (nanobody 272, 293, 295,
296, 299, and 300) subunit (Figure 30b). Interestingly, nanobodies 265, 269, and 294 recognized
both subunits. For nanobodies 268, 296, and 300, binding affinities were determined using the
switchSENSE technology. Via an amine coupling kit, nanobodies were conjugated with single-
stranded DNA nanolevers and immobilized on the chip surface (147, 186). For all three
nanobodies, affinities in the low nanomolar range were determined (Nb268: 1.3+0.1 nM,
Nb296: 2.7+0.1 nM, Nb300: 2.1+0.1 nM; exemplarily shown for Nb296 in Figure 30d).
Collectively, these results demonstrate the generation of specific, high-affinity anti-TmrAB

nanobodies.

However, all purified nanobodies bound to the same extent to TmrA®416A E523Q,5527CS503C (yyjth
and without addition of ATP-Mg?*) and TmrABY". Just like in case of the synthetic antibodies,
these results indicate that nanobody binding is either not conformation-specific or both variants

represent the inward-facing state.
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Figure 30: Characterization of anti-TmrAB nanobodies. a, Specific binding of nanobodies to TmrAB shown by ELISA.

1 pM of nanobody were added to neutravidin-captured biotinylated TEV-treated TmrAB (20 nM, black bars) and

incubated for 1 h at 4 °C. For detection, an anti-His antibody (mouse, 1:3,000 dilution) and an anti-mouse HRP

conjugate (1:10,000 dilution) were added successively and incubated for 1 h at 4 °C each. Protein samples were

measured in triplicates. White bars represent background binding. b, Immunoblot analysis using nanobodies as

detection reagents. For detection (1 ug TmrAB per lane), 1 ug/ml nanobody was added and incubated for 1 h at 4 °C.

Next, a CaptureSelect™ Biotin anti-C-tag conjugate (Life technologies)/HRP-conjugated streptavidin (Thermo

Scientific) mixture (1:1 ratio, 1:4,000 dilution) was added to detect bound nanobodies. ¢, TmrAB/nanobody complex

formation. TmrAB was incubated with a 1.25-fold molar excess of nanobody for 15 min prior to gel filtration. Column:

Superdex™ 200 Increase 3.2/300 (GE Healthcare). Void and total volume are indicated by vo and v, respectively. In

order to illustrate stoichiometric binding, data were normalized to the TmrAB run without nanobody (TmrAB only).

d, Binding of Nb 296 to TmrAB determined by switchSENSE.



8.2.3 Structural analysis of TmrAB by single-particle cryo-EM

To explore the entire trajectory of conformational rearrangements TmrAB undergoes during
substrate translocation by cryo-EM, various environments were tested with regards to TmrAB
stability, functionality, and homogeneity. First, SEC-purified TmrAB in 3-DDM was subjected to
negative-stain EM analysis to gain insights about the overall quality of the sample (Figure 31).
Unprocessed EM micrographs of negatively-stained B-DDM-solubilized TmrAB clearly showed
individual particles in one preferred orientation. 2D class averaging revealed TmrAB in one
distinct conformation, with the NBDs well separated, which is referred to as the inward-facing

state (IF) and is consistent with previously published EM micrographs of TmrAB (14).

Figure 31: Negative-stain EM analysis of TmrAB in B-DDM. Representative micrograph and 2D class averages.
Micrographs were collected on a Tecnai-Spirit transmission electron microscope (Thermo Fisher, former FEI),
operated at 120 kV and equipped with a Gatan 4x4k CCD camera. Scale bar for original micrograph: 100 nm. Scale bar
forinlet (4x4 magnified): 25 nm. (Electron microscopy was performed in collaboration with the Kiihlbrandt laboratory,

Department of Structural Biology, Max Planck Institute of Biophysics, Frankfurt).

However, when performing single-particle cryo-EM with detergent-solubilized proteins, the
presence of an excess of detergent micelles might create severe background noise and affects
the surface tension of the thin buffer film, which is vitrified during cryo-EM sample preparation
(187). To overcome this limitation and to allow for the investigation of TmrAB function in a
native-like lipid environment, TmrAB was reconstituted into the following scaffold proteins:
saposin A, MSP1D1, and MSP2N2. TmrAB:scaffold protein:lipid ratios were systematically
screened. For reconstitution, TmrAB was mixed with bovine brain lipids and the respective
scaffold protein, followed by detergent exchange via rapid dilution and addition of polystyrene
beads, respectively. Reconstituted TmrAB enclosed by two or more copies of scaffold protein
was separated from lipid-only particles by SEC, resulting in a monodisperse and homogenous

sample for EM imaging (Figure 32).
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Figure 32: Negative-stain EM analysis of reconstituted TmrAB. a, Reconstitution of TmrAB into saposin A-enclosed
discs. Reconstituted TmrAB (front peak) was separated from lipid-only discs (2" peak) by SEC, as confirmed by a silver-
stained SDS-PAGE gel. Column: KW404-4F (Shodex). Void volume is indicated by vo. The peak fraction (front) was
applied to glow discharged carbon-coated grids and stained with 2% uranyl formate. Micrographs were collected on
a Tecnai-Spirit transmission electron microscope (Thermo Fisher, former FEl), operated at 120 kV and equipped with
a Gatan 4x4k CCD camera. A representative micrograph with corresponding 2D class averages of negatively-stained
TmrAB/saposin A-discs is shown. Scale bar for original micrograph: 100 nm. Scale bar for inlet (4x4 magnified): 25 nm.
b, Reconstitution of TmrAB into small (MSP1D1) nanodiscs. Column: Superdex™ Increase 3.2/300 (GE Healthcare).
Void volume is indicated by vo. Peak fraction was analyzed by a Coomassie-stained SDS-PAGE gel. ¢, Reconstitution of
TmrAB into large (MSP2N2) nanodiscs. Column: Superdex™ Increase 3.2/300 (GE Healthcare). Void volume is
indicated by vo. Peak fraction was analyzed by immunoblotting. (Electron microscopy was performed in collaboration

with the Kiihlbrandt laboratory, Department of Structural Biology, Max Planck Institute of Biophysics, Frankfurt).

89



Negative-stain EM analysis confirmed the assembly of disk-like particles. 2D class averaging
verified the insertion of one transport complex per disc for saposin A (Figure 32a) and MSP1D1
(Figure 32b). Due to the large diameter of roughly 17 nm, MSP2N2-discs were shown to
accommodate one, two, or even three transport complexes per disc (Figure 32c). Based on these
results and the overall sample quality, all further cryo-EM samples were prepared using MSP1D1

as scaffold protein.

Besides sample homogeneity, TmrAB function upon reconstitution was investigated and
compared to detergent-solubilized protein. Using a radioactive assay, release of inorganic
phosphate (Pi) from ATP at 68 °C over a time span of 20 min was monitored, yielding the same
ATPase activity for reconstituted (either scaffold) and detergent-solubilized protein, while an
ATPase-deficient transport complex harboring the E523Q mutation did not show any hydrolysis

activity (Figure 33).
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Figure 33: ATPase activity of TmrAB in nanodiscs. a, ATPase activity of TmrAB (200 nM; in 3-DDM or reconstituted)
in the presence of 3 mM MgCl, and 1 mM ATP (supplemented with tracer amounts of [y-32P]JATP) measured for 20 min
at 68 °C. Reaction mixtures were analyzed by thin layer chromatography on polyethyleneimine cellulose. b, Kinetic

data from (a) were blotted. The ATPase activity of detergent-solubilized TmrABWT was normalized to 100%.
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Recent technological breakthroughs in the field of single-particle cryo-EM have enabled
structure determination of medium-sized membrane proteins at resolutions between 3.3 and
4.0 A (16, 34, 40, 41). However, due to its pseudo-symmetric domain organization, structure
determination of TmrAB is technically challenging. Therefore, synthetic antibodies and
nanobodies were selected to be used as fiducial markers and, furthermore, to trap TmrAB in
distinct functional states. Negative-stain EM analysis of TmrAB/sAB and TmrAB/Nb complexes
yielded 2D class averages, which clearly showed the antibody bound to TmrAB (Figure 34).
Especially 2D class averages of TmrAB/sAB complexes revealed characteristic features of Fabs
(Figure 34a-b). Unexpectedly, further analysis led to the conclusion that binding of synthetic
antibodies and nanobodies occurs state-specific, but for the inward-facing state. Upon antibody
binding, conformational transitions to the outward-facing conformation were impeded.
Conversely, upon trapping of TmrAB in the outward-facing state, antibody binding was disabled

(data not shown).

Based on these results, the nanobody selection was repeated by Benedikt Kuhn (Geertsma
laboratory, Institute of Biochemistry, Goethe-University, Frankfurt) and Stefan Briichert (Tampé
laboratory, Institute of Biochemistry, Goethe-University, Frankfurt). Briefly, MNG-3-solubilized
TmrAB was used for alpaca immunization. Upon two rounds of phage-displayed library sorting
using neutravidin-captured biotinylated TmrAB, nanobody 9F10 was identified, which forms a
rigid complex with the NBD of TmrB, independent of the respective conformational state (Figure

34d-f). Nanobody 9F10 was therefore used as alignment tool for cryo-EM of TmrAB.
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Figure 34: Antibodies as fiducial marker proteins. a-d, Representative negative-stain micrographs and 2D class
averages of TmrAB/antibody complexes. TmrAB/antibody complexes were isolated by SEC and applied to glow
discharged carbon-coated grids and stained with 2% uranyl formate. Micrographs were collected on a Tecnai-Spirit
transmission electron microscope (Thermo Fisher, former FEI), operated at 120 kV and equipped with a Gatan 4x4k
CCD camera. Bound antibodies are indicated by a white arrowhead. Scale bar for original micrograph: 100 nm. Scale
bar forinlet (4x4 magnified): 25 nm. a, sAB D9. b, sAB D11. ¢, Nb 268. d, Nb 9F10 (provided by Stefan Briichert (Tampé
laboratory, Institute of Biochemistry, Goethe-University, Frankfurt) and Benedikt Kuhn (Geertsma laboratory,
Institute of Biochemistry, Goethe-University, Frankfurt)). e-f, Nb 9F10/NBD complex formation. TmrAB NBDs were
incubated with a 1.25-fold molar excess of Nb 9F10 for 15 min on ice prior to gel filtration. Column: Superdex™ 200
Increase 3.2/300 (GE Healthcare). Void and total volume are indicated by vo and v, respectively. In order to illustrate
stoichiometric binding and monodispersity, data were normalized to NBD of TmrA. e, NBD of TmrA. f, NBD of TmrB.
NBD™™A-/NBD™B-encoding plasmids were provided by Benedikt Kuhn (Geertsma laboratory, Institute of
Biochemistry, Goethe-University, Frankfurt). (Electron microscopy was performed in collaboration with the

Kuhlbrandt laboratory, Department of Structural Biology, Max Planck Institute of Biophysics, Frankfurt).
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In order to map the conformational space of TmrAB under turnover conditions by cryo-EM, the
nanodisc-embedded TmrAB"'/Nb complex was isolated via SEC and incubated with ATP-Mg?*
and substrate to initiate the translocation cycle (6 mM MgCl,, 5 mM ATP, 50 uM C4F peptide,
1 min incubation at 45 °C). All EM work shown and discussed in this chapter was performed in
collaboration with Arne Moller and Dovile Januliene (Mbller laboratory, Department of
Structural Biology, Max Planck Institute of Biophysics, Frankfurt). Cryo-EM analysis of lipid-
embedded TmrAB" under turnover conditions (TmrABwmover) provided a comprehensive view
onto the conformational flexibility of the translocation complex and revealed two major
populations, captured simultaneously on a single EM-object carrier (Figure 35). One population
(~50%) comprised inward-facing (IF) conformations with clearly separated NBDs, while the

second major population (~50%) of particles showed NBD-dimerized conformations.

Figure 35: Cryo-EM analysis of nanodisc-embedded TmrABWT under turnover conditions. Representative
cryomicrograph and 2D class averages showing different conformational states of TmrABwmover. Scale bar: 100 nm.
(Cryo-EM data collection and analysis were performed by Arne Mdéller and Dovile Januliene (Méller laboratory,

Department of Structural Biology, Max Planck Institute of Biophysics, Frankfurt)).
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8.2.3.1 Conformational plasticity in IF conformations

Upon 3D classification, the IF particles were separated into two distinct conformations (IF"™%
and IF¥¢), which displayed an uncoupled movement of TMDs and NBDs (Figure 36, Figure 47).
While the inter-NBD distance of both conformations changed only marginally, transmembrane
helix six (TM6) of both subunits swings out to open the intracellular gate by 4.4 A, thereby
dilating the cavity from 4,650 to 5,900 A? in IF*'® (corresponding to the volume of about 40
additional water molecules) (Figure 36c). Both IF conformations show nucleotides at the the
binding sites; however, the occupancy by ADP or ATP could not be defined due to the free
nucleotide exchange. To elucidate the impact of substrate binding onto conformational
rearrangements of TmrAB, a 3D classification of all IF particles focused on the TMDs was
performed. Intriguingly, a weak additional density close to residues M139™® D184,
H246™® and W297™® was observed in IF¥¢, which displayed a wider opening of the
intracellular gate, indicating the presence of substrate (Figure 36d). No such density was found
for IF"™" where, due to the inward movement of TM6, the smaller volume of the cavity
prevents binding of bulky substrates. In order to investigate the involvement of these residues
in specific substrate interactions, a mutational analysis was performed. Mutation of M139™™®
and W297™® into alanine led to a strong reduction in substrate binding in comparison to wild-
type TmrAB (Figure 36e). In contrast, the H246™™™ alanine mutant displayed a similar activity as
wild-type TmrAB, in accordance to previously published data (15). Substitution of both residues
(M139/W297™"® double mutant) reduced the activity by 90%, indicating a synergistic effect. A
direct involvement of M139™™® and W297'™® in substrate binding was further confirmed by
substrate translocation studies (Figure 36f). Transport kinetics of wild-type and M139/W297™™®
revealed a K, value of 6.0 + 2.3 uM and >40 puM, respectively. To exclude a folding or assembly
defect of the double mutant, purified M139/W297™™® was subjected to negative-stain EM
analysis. No differences regarding complex assembly, stability and homogeneity were observed
in comparison to wild-type TmrAB (Figure 36g). In accordance, a significant extra density was
found at the same position in a control experiment with a ten-fold higher substrate
concentration (500 uM CAF peptide), but was absent in a cryo-EM experiment without addition
of any ligand (data not shown). The equal occurrence of two distinct IF conformations in the
500 uM CAF (TmrABcar) and apo control (TmrABa.p.) experiments and the observation that
significant extra density was found in IF*'“¢ only indicates that substrate binding is conformation

specific, but does not induce a conformational change.
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Figure 36: Conformational plasticity in IF conformations translates to substrate binding. a, Cryo-EM density maps of
IF TmrABuwmover filtered to a resolution of 3.8 A (IFnarow) and 4.2 A (IFwice), respectively. b, IF%ide (cartoon
representation) viewed from within the plane of the membrane. c, The flexibility of TM6 is illustrated by individual
superposition of TmrA (A258-R594, blue) and TmrB (A237-K574, organe) in IFraow and IFwide, d, Focused top view
around TM5T™A and TM3/TM5/TM6™® with cryo-EM density (grey mesh) and positive difference density (green
surface) in the binding site of IF¥ide (TmrABca¢), as also identified in TmrABzurnover, but not in TmrAB,p.. Nearby residues
are depicted as sticks colored by heteroatoms. Color scheme as in (c). e, Impact of alanine substitutions onto substrate
binding. TmrAB (2 uM) was incubated with C4F peptide (RRYFCKSTEL; 50 nM) for 15 min on ice. Fluorescence
anisotropy was measured at Aex/em=485/520 nm. Data were measured in triplicates. All data are given as mean + SD.
(M139TmrB. H246TmB- \W297TmB- M139/H246™8, and M139/W297™™B-encoding plasmids were kindly provided by
Stefan Briichert (Tampé laboratory, Institute of Biochemistry, Goethe-University, Frankfurt)). f, Transport kinetics of
TmrAB wild-type and double alanine mutant. 50 ug TmrAB-containing proteoliposomes (wild-type: black curve,
M139/W297™® mutant: red curve) were incubated with 1, 5, 10 and 30 uM C4F peptide (RRYFCKSTEL), 3 mM MgCl,,
and 3 mM ATP. Transport was analyzed for 6 min at 68 °C. Data were measured in triplicates. All data are given as

mean * SD. g, TmrAB double alanine mutant (M139/W297™8) was applied to glow discharged carbon-coated grids
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and stained with 2% uranyl formate. Micrographs were collected on a Tecnai-Spirit transmission electron microscope
(Thermo Fisher, former FEI), operated at 120 kV and equipped with a Gatan 4x4k CCD camera. Scale bar for original
micrograph: 100 nm. Scale bar for inlet (4x4 magnified): 25 nm. (Cryo-EM data collection and analysis were performed
by Arne Moller and Dovile Januliene (Mdller laboratory, Department of Structural Biology, Max Planck Institute of
Biophysics, Frankfurt). Initial models were prepared by Ahmad Reza Mehdipour (Hummer laboratory, Department of
Theoretical Biophysics, Max Planck Institute of Biophysics, Frankfurt). Final models were provided by Christoph

Thomas (Tampé laboratory, Institute of Biochemistry, Goethe-University, Frankfurt)).

8.2.3.2 ATP-triggered NBD dimerization induces the transition to the OF-open conformation

The NBD-dimerized conformation observed in the TmrABiumover €Xperiment was markedly
different from what was shown previously for all other structures of ABC transporters with
dimerized NBDs (Figure 37a and b, Figure 47). Intriguingly, in this new asymmetric unlocked-
return conformation (UR®Y™), the intracellular gate is unlocked by a separation of TM3 and TM4
by 1.5 A. Further sub classification revealed a second population of particles, which displayed an
even wider separation of TM3 and TM4 by 3.0 A (UR*™), indicating a progressive return to the
IF conformation (Figure 37c). In UR™™ and UR*'™, the canonical site is slightly wider breaking
the two-fold pseudo-symmetric organization of the sandwiched NBD dimer and contains ADP,
while ATP is still bound at the non-canonical site, demonstrating an asymmetric post-hydrolysis

state (Figure 37d).

Although the opening and closure of the extracellular gate are key steps of the substrate
translocation cycle, no OF-open conformations were detected in the turnover experiment,
suggesting that this opening must be highly transient. In order to stabilize the OF-open state, a
new cryo-EM analysis was performed using a catalytically inactive mutant of TmrAB, harboring

the E523Q™™™ mutation that allows ATP binding but not hydrolysis (83).
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Figure 37: Asymmetric post-hydrolysis state. a, Cryo-EM map of UR®Y™ filtered to a resolution of 3.5 A. b, Overall
structure of the asymmetric post-hydrolysis state of TmrABturover Viewed from within the plane of the membrane.
Color scheme as in Figure 36. c, After P; release, the intracellular gate lined by TM4 and TM3 of each subunit is
unlocked, forming the asymmetric turnover state URasym/URasym* (indicated by black arrows). d, Close-up views of the
degenerate and consensus NBSs. Interacting motifs are shown in cartoon representation with selected side chains
shown as sticks. The nucleotides are represented by grey sticks colored by heteroatoms. Mg2* is shown as green
sphere. (Cryo-EM data collection and analysis were performed by Arne Moéller and Dovile Januliene (Moller
laboratory, Department of Structural Biology, Max Planck Institute of Biophysics, Frankfurt). Initial models were
prepared by Ahmad Reza Mehdipour (Hummer laboratory, Department of Theoretical Biophysics, Max Planck
Institute of Biophysics, Frankfurt). Final models were provided by Christoph Thomas (Tampé laboratory, Institute of

Biochemistry, Goethe-University, Frankfurt)).

The nanodisc-embedded TmrAE9B/Nb complex was incubated with ATP-Mg?* to lock the
transporter in the ATP-bound conformation (3 mM MgCl,, 1 mM ATP, 5 min incubation at 45 °C).
Remarkably, within the same dataset, two different OF conformations were resolved, OF-open
and OF-occluded, both in an ATP-bound state (Figure 38, Figure 47). 40% of the particles
displayed a wide opening of the TMDs to the extracellular space, resembling an OF-open
conformation (Figure 38a), which shares some similarities with the OF X-ray structures of
Sav1866 (32, 33). The other 60% of the particles were found in an OF-occluded conformation
(Figure 38b), which is comparable to the previously reported structure of McjD in the presence

of the non-hydrolysable ATP-analog AMP-PNP, however, with a significantly smaller cavity (188).
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Both maps were of sufficient quality to build a model of TmrAE2B,r in the OF-open (Figure 38c)

and OF-occluded conformation (Figure 38d).

In both OF conformations (open/occluded), the NBDs are rotated towards each other to form a
closed, sandwich-like dimer in a head-to-tail fashion (Figure 38e), as observed in previously
reported nucleotide-bound structures of ABC transporters (32, 33, 35, 47, 188). The NBD
dimerization is tightly coupled to reorganizations within the transmembrane region of
TmrA®Barp. Thus, the cytosolic gate is closed and the cavity accessible from the cytosol to
accommodate a potential substrate is sealed. These data agree with the notion that substrate

binding of TmrA®B is impaired upon ATP-triggered NBD dimerization (Figure 38h).

Both EM maps allowed positioning of two ATP molecules occluded at the dimer interface. Each
ATP molecule was shown to interact with a number of conserved motifs such as the Walker A/B
motifs, which coordinate the phosphate groups, and signature motif, which aligns ATP for
hydrolysis (Figure 38g). Notably, pronounced differences between the ATP coordination within
the degenerate and consensus NBS were observed. Besides the presence of an aspartate residue
(D500™™®) instead of a glutamate in the expected position of the catalytic base in the degenerate
site, the coordination of the purine base differs strongly between both NBSs. In the consensus
site, a conserved tyrosine residue of the aromatic (A)-loop (Y362™™) makes n-m stacking
contacts to the purine base of bound ATP, while in the degenerate site, the sugar moiety is

positioned by R351™® and E501™™™,

With regards to NBD dimerization and ATP binding, no difference between the OF-open and OF-
occluded conformation of ATP-Mg?*-bound TmrA®B was found. This observation, and the co-
existence of these two conformations at nearly similar ratios in the ATP-bound state, indicates
that the transporter is able to fluctuate between the different conformers (OF-open/OF-

occluded) without the need of ATP hydrolysis or release.
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Figure 38: ATP binding induces the IF-OF-open transition. a and b, Cryo-EM map of OF-open (a) and OF-occluded (b)
TmrAEBrp app filtered to a resolution of 2.8 A and 2.9 A, respectively. ¢ and d, Overall structure of TmrAEB,rp app in
the OF-open (c) and OF-occluded (d) conformation viewed from within the plane of the membrane. e, View onto the
NBD dimer of OF-occluded TmrAEQB,1p_app from the intracellular side. The NBDs are shown both as transparent surface
and in cartoon representation. ATP is shown as red spheres. f, Extracellular view onto the TMDs of OF-open and OF-
occluded TmrAEQBatp.app. TMH numbers are indicated. g, Close-up views of the degenerate and consensus NBSs of
OF-open TmrAEBarp.app. Interacting motifs are shown in cartoon representation with selected side chains
represented by sticks. ATP is represented by grey sticks colored by heteroatoms. Mg2* is shown as green sphere. h,
Peptide binding activity of TmrABWT (black bar) and TmrAEaB (white bar) in the presence and absence of ATP-Mg2*
(3mM MgCl, and 1 mM ATP). 4 uM TmrAB were incubated for 5 min at 45°C (with and without ATP-MgZ+).
Subsequently, 50 nM C4F peptide (RRYFCKSTEL) were added and incubated for 10 min on ice. Fluorescence anisotropy
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was measured at Aexem=485/520 nm. Data were measured in triplicates. All data are given as mean * SD. (Cryo-EM
data collection and analysis were performed by Arne Méller and Dovile Januliene (Méller laboratory, Department of
Structural Biology, Max Planck Institute of Biophysics, Frankfurt). Initial models were prepared by Ahmad Reza
Mehdipour (Hummer laboratory, Department of Theoretical Biophysics, Max Planck Institute of Biophysics,
Frankfurt). Final models were provided by Christoph Thomas (Tampé laboratory, Institute of Biochemistry, Goethe-
University, Frankfurt)). Of note, due to the high resolution of 2.8 A and 2.9 A, respectively, the OF-open and OF-
occluded maps/models of TmrAEQBarp.app instead of TMrAEABArs are shown. In both datasets, the OF-open and OF-

occluded states were identical.

8.2.3.3 ATP hydrolysis and nucleotide release are necessary to reset TmrAB back into the IF

conformation

To understand the conditions and conformational changes required to reset the transporter to
an IF conformation, the hydrolysis-transition state was characterized by orthovanadate (Vi)-
induced trapping of TmrAB"" (TmrABatr.vi). To this end, a cryo-EM data set of the nanodisc-
embedded TmrAB"T/Nb complex in presence of ATP-Mg?** and V; was determined (3 mM MgCl,,
1 mM ATP, 1mM V;, 5min at 45 °C). Again, two populations of particles were observed,
representing the OF-open and OF-occluded conformation. Single-particle cryo-EM analysis
resulted in two three-dimensional reconstructions at overall resolutions of 3.5A (OF-open,
Figure 39a, Figure 47) and 3.3 A (OF-occluded, Figure 39b, Figure 47). Interestingly, both
conformations (OF-open and OF-occluded) were found in comparable ratios as observed for the
TmrA®Barp experiment. Likewise, the OF-open conformation displays a wide opening of the
extracellular gate similar to OF Sav1866 (32, 33). In the OF-occluded conformation, the NBDs are
tightly dimerized and both, the cytoplasmic and extracellular gate are closed (Figure 39c and d).
The existence of an OF-open conformation and its degree of opening in the presence of ATP-
Mg?* and V; are consistent with previously published EPR data (15, 89). A comparison of all four
OF models (open/occluded) showed that the ATP-bound (TmrAt®Bar) and ATP-hydrolysis
transition state (TmrABare.vi) are equivalent. The only significant difference observed between
both preparations was the identity of nucleotide occluded at the consensus side. In contrast to
TmrA®Barp (ATP at both NBSs of both conformations), stoichiometric occlusion of ATP at the
degenerate site and ADP at the consensus site of TmrABare.vi was observed, what was
additionally proven by a radioactivity-based trapping experiment using [a-32P]ATP (Figure 39e
andf). Importantly, the data show that the sandwiched NBD dimer does not have to be disrupted

to allow for release of the inorganic phosphate and entry of vanadate.
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Figure 39: TmrABarp.vi and TmrAEQB,rp are equivalent. a and b, Cryo-EM density map of TmrABare.vi in the OF-open
(a) and OF-occluded (b) conformation filtered to a resolution of 3.5 Aand 3.3 A, respectively. c and d, Overall structure
of TmrABare.vi in the OF-open (c) and OF-occluded (d) conformation viewed from within the plane of the membrane.
e, Close-up views of the degenerate and consensus ATPase sites of TmrABarp.vi (OF-occluded). Interacting motifs are
shown in cartoon representation with selected side chains represented by sticks. Nucleotide and V; are represented
by grey sticks colored by heteroatoms. Mg2* is shown as green sphere. f, Nucleotide occlusion upon Vi-induced
trapping of TmrABWT. Trapping experiments were performed according to Zutz et al. (83). The identity of occluded
nucleotides (either [a-32P]JATP or [0-32P]JADP) was analyzed by thin layer chromatography followed by phosphorus
imaging. (Cryo-EM data collection and analysis were performed by Arne Médller and Dovile Januliene (Méller
laboratory, Department of Structural Biology, Max Planck Institute of Biophysics, Frankfurt). Initial models were
prepared by Ahmad Reza Mehdipour (Hummer laboratory, Department of Theoretical Biophysics, Max Planck
Institute of Biophysics, Frankfurt). Final models were provided by Christoph Thomas (Tampé laboratory, Institute of
Biochemistry, Goethe-University, Frankfurt)).
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The above described results from the TmrABare.vi dataset and the existence of the asymmetric
post-hydrolysis state in the turnover experiment demonstrated that one single ATP molecule
seems to be sufficient to maintain the NBD dimer. Thus, resetting to the IF conformation has to
occur through the release of nucleotide. In order to investigate this notion, the nanodiscs-
embedded TmrAf9B/Nb complex was incubated with an equal ratio of ADP and ATP (3 mM
MgCl,, 1 mM ATP, 1 mM ADP, 5 min at 45 °C) to probe whether the asymmetric state can be
induced through a backward reaction by simultaneous binding of ATP and ADP (TmrA®Bare_app).
Cryo-EM analysis revealed four conformations: two ATP-bound OF conformations (open and
occluded) and two IF conformations (Figure 40, Figure 47). All conformations were equal to the
IF and OF conformations already described in this chapter. In neither of the conformations, an
asymmetric nucleotide-bound state was detected, proving that this state can only be achieved

by a forward reaction through ATP hydrolysis at the canonical site.

Figure 40: Cryo-EM analysis of nanodisc-embedded TmrAf@Barp.app. Representative cryomicrograph and 2D class
averages showing different conformational states of TmrAEQBarp.app. Scale bar: 100 nm. (Cryo-EM data collection and
analysis were performed by Arne Méller and Dovile Januliene (Méller laboratory, Department of Structural Biology,

Max Planck Institute of Biophysics, Frankfurt)).
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8.2.3.4 Global conformational changes and helical shifts within the TMDs during the

translocation cycle of TmrAB

During the ATP-triggered conversion from IF to OF-open, TmrAB undergoes large-scale
conformational transitions within the TMDs, which involve successive closure of the intracellular
and opening of the extracellular gate in a stepwise manner. Extracellular gate closure follows
the same rationale to ensure gate opening to only one side of the membrane at a time avoiding
potential leakage in the OF-open state. In detail, upon closure of the intracellular gate, the upper
half of the TMDs splitinto two in a wing-like manner. This opening is mainly driven by TM helices
1-2 and 5-6 of both monomers, which bend widely towards the outside to open the exit pathway
of a bound substrate to the extracellular space. As indicated by Figure 41 and Figure 42, both
ABC half-transporters contribute equally to these ATP-driven changes within the TMDs.
Intriguingly, within the scope of extracellular gate opening, TM helix 3 of both subunits collapses
into the binding cavity. This collaborative movement of TM bundles 1-2/5-6 and TM helix 3
seems to be necessary to ensure substrate release to the opposite side of the membrane and to
prevent substrate re-entry from the extracellular space. The transition from the OF-open to the
OF-occluded conformation is induced by TM helices 1-2 and 5-6, which switch back in order to
initiate extracellular gate closure. In contrast to extracellular gate opening, re-opening of the
intracellular gate occurs asymmetrically and is mainly driven by TmrA. Once this point of no

return is reached, the transition to the IF conformation is initiated.
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Figure 41: Helical shifts within the TMD of TmrA during substrate translocation. a, TMD™™" in the IF, OF-open, and
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OF-occluded conformation. Coloring scheme as in Figure 36. Helical bundles are indicated. b, Dissection of the
TMD™ into bundles of two helices to illustrate helical shifts during the IF-OF-conversion. Single helices are
numbered. For comparison, an overlay of all three conformational states is shown (IF: grey, OF-open: red, OF-
occluded: orange). (Initial models were prepared by Ahmad Reza Mehdipour (Hummer laboratory, Department of

Theoretical Biophysics, Max Planck Institute of Biophysics, Frankfurt). Final models were provided by Christoph

Thomas (Tampé laboratory, Institute of Biochemistry, Goethe-University, Frankfurt)).
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Figure 42: Helical shifts within the TMD of TmrB during substrate translocation. a, TMD™® in the IF, OF-open, and
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OF-occluded conformation. Coloring scheme as in Figure 36. Helical bundles are indicated. b, Dissection of the
TMD™® into bundles of two helices to illustrate helical shifts during the IF-OF-conversion. Single helices are
numbered. For comparison, an overlay of all three conformational states is shown (IF: grey, OF-open: red, OF-
occluded: orange). (Initial models were prepared by Ahmad Reza Mehdipour (Hummer laboratory, Department of
Theoretical Biophysics, Max Planck Institute of Biophysics, Frankfurt). Final models were provided by Christoph

Thomas (Tampé laboratory, Institute of Biochemistry, Goethe-University, Frankfurt)).
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8.2.4 Discussion

Over the last few decades, significant progress has been made in unveiling the translocation
mechanism of ABC transporters. High-resolution structures, especially fueled by cryo-EM, have
significantly advanced the understanding of ABC exporter function (189). However, the available
data is incomprehensive and heavily biased as available structures are dominated by
homodimeric ABC exporters in an IF-open conformation, which reflects only a snapshot out of a
plethora of conformational rearrangements ABC transporters undergo during their catalytic
cycle. This paucity poses a significant bottleneck in understanding the substrate translocation
and ATP hydrolysis cycle of heterodimeric ABC exporters. Thus, within this study, three key

aspects of ABC transporter action were investigated:

(1) How do specific substrate interactions influence the conformational spectrum of an ABC
transporter?

(2) How are ATP binding and hydrolysis allosterically coupled to substrate translocation?

(3) Which step(s) of the hydrolysis cycle provide(s) the power stroke(s) for substrate

translocation?

In 2017, the crystal structure of TmrAB at 2.7 A resolution was published. Together with the
subnanometer-resolution cryo-EM structure previously presented by Kim et al. in 2015, these
structures represented highly accurate snapshots of the IF-open state and provided new insights
into the structural dynamics of TmrAB. However, for a complete understanding of the
conformational space during the catalytic cycle, additional structures of intermediates were
needed. In a first approach to illuminate the molecular basis of substrate translocation of TmrAB
by single-particle cryo-EM, synthetic antibodies and nanobodies were generated aiming for
stable complex formation and conformational trapping, which is a well-established strategy as
recently exemplified by the structure of human ABCG2 in complex with two antigen-binding
fragments of the human-specific antibody 5D3 (108) or nucleotide-free ABCB1 bound to the

antigen-binding fragment of human-specific antibody UIC2 (46).

All synthetic antibodies and nanobodies generated in this study formed stable high-affinity
complexes with TmrAB, which could be isolated by SEC, suggesting the formation of sufficiently
rigid complexes for cryo-EM (Figure 28 and Figure 30). Negative-stain EM analysis revealed 2D
class averages, which showed synthetic antibodies/nanobodies bound to the NBDs of TmrAB,

making them a perfect alignment tool by breaking the pseudo-symmetric organization of the
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heterodimeric transport complex (Figure 34). However, all tested antibodies bound to TmrAB
only in the IF conformation and impeded the transition to the OF state by prevention of NBD
dimerization. This result agrees with a study published in 2013 by Ward et al. presenting the
structure of mouse ABCB1 in complex with a nanobody (127). The nanobody bound to the C-
terminal side of the first NBD and therefore prevented the formation of an NBD-NBD dimer,
which is essential for the IF to OF conversion. A similar result was presented by Perez et al. in
2017. Perez and co-workers presented the structure of PglK complexed by one single nanobody,
which bound to both NBDs and induced a unique IF conformation impeding the IF-OF conversion

(190).

As an alternative approach to decipher the conformational spectrum of TmrAB during catalysis,
cryo-EM analyses were performed under turnover conditions. In the field of structural biology,
the physiological relevance of some crystal structures has been questioned in recent years due
to the absence of nucleotide (and substrate), detergent solubilization, and crystallization
conditions, which could potentially lead to artefactual results (2, 189). For many ABC exporters,
it was demonstrated that an alteration of the membrane environment has profound effects on
their biochemical properties. MsbA in nanodiscs for example displayed a substantially higher
ATPase activity than MsbA in DDM (18, 191, 192). For ABCB1, it was even shown that the
inhibitors tariquidar, elacridar, and zosuquidar inhibit P-pg-mediated ATP hydrolysis in native
membranes, but stimulate the ATP hydrolysis mediated by detergent-solubilized ABCB1 (193).
The turnover numbers determined for TmrAB-catalyzed ATP hydrolysis were equal for
membrane-embedded and detergent-solubilized protein (Figure 33). Yet, since the biophysical
properties of the membrane may play a key role in ABC transporter function (189), TmrAB was
reconstituted into lipid nanodiscs and all EM experiments were performed in a native-like lipid
environment in presence of nucleotide (and substrate). Although reconstitution in nanodiscs
requires an initial detergent solubilization step, it is generally accepted that nanodiscs provide a

more native environment in comparison to detergent micelles (189, 194, 195).

Cryo-EM analysis of nanodiscs-embedded TmrAB under turnover conditions revealed distinct IF
conformations (IF"™" and IF"%), one of them (IF*%) with bound peptide substrate, and
previously undescribed asymmetric post-hydrolysis states with dimerized NBDs and a closed
extracellular gate (UR®™™/UR3Y™). |F"™¥ and |F¥“¢ were found in three datasets (TMrABwmover,
TmrABapo, and TmrAEBarp_app) in a@ nearly equal ratio indicating that both conformations arein a
fast equilibrium with each other. The only exception was found in the TmrABc4r dataset with a

10-fold higher C4F concentration in comparison to TmrABwmover. Here, IF¥9 was populated to a
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significant extent in comparison to IF"™¥, This observation and the notion that significant extra
density within the substrate binding cavity was found only in IF*% suggest that substrate binding
to TmrAB occurs conformation specific, but binding of C4F itself does not induce a
conformational change. Once C4F has entered the substrate binding cavity, it locks TmrAB in the

IF¥ide conformation.

Although the extra density could clearly be attributed to C4F, the occupancy was very low.
Additionally, due to the high conformational flexibility of the peptide backbone, the density was
less clear and did not represent the complete peptide. In a recent study published by Alam et
al., the 3.5A cryo-EM structure of substrate-bound human ABCB1 reconstituted in lipid
nanodiscs was shown (196). Here, it was demonstrated that the chemotherapeutic compound
paclitaxel (Taxol) induces an occluded conformation and a concomitant closure of the inter NBD-
gap (196). The density of interacting residues was well defined. However, the density
contributed to the Taxol molecule was less clear, which also suggest the possibility of multiple
binding modes — similar to C4F and TmrAB. For further studies of the TmrAB-substrate
interaction a more rigid substrate with a higher affinity should be considered. Although within
this study no evidence was found that binding of C4F induces a conformational shift, it cannot
be excluded that binding of a more physiological substrate — such as a lipid — might induce

certain conformational changes.

Since substrate release requires the opening of the extracellular gate, the absence of an OF-
open conformation in TmrABwmover indicates the transient nature of this state vulnerable to
substrate re-entry. For capturing an OF-open conformation, a slow-down in ATP hydrolysis was
required and the TmrAE2Bamp and TmrABarp.yvi experiments were performed. In both experiments,
the co-existence of OF-open and OF-occluded conformations was discovered. In previous studies
it was shown, that orthovanadate-induced trapping of TmrAB led to the closed conformation at
the NBSs and an open conformation at the extracellular gate (15, 89). This unexpected
equivalence of the ATP-bound and -hydrolysis transition state directly resolves previously
conflicting data on the onset of the extracellular gate opening and addresses the controversy in
the field regarding the first power-stroke of ABC exporters with asymmetric ATP-binding sites
and provides proof that binding of two ATP molecules is sufficient to drive the large-scale

conformational change from IF to OF-open.

The discovery of a previously undescribed post-hydrolysis state with asymmetric nucleotide

binding and unlocked intracellular gate (asymmetric UR®*Y™/UR*Y™* conformations of
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TmrABtumover) SUggests that the trigger to reset the transporter to an IF conformation is P; release,
not ATP hydrolysis. The dilation of the intracellular gate in UR*'™ and UR®*'™ prohibits the
opening of the extracellular gate and sets the transporter on path to the IF conformations. This
state marks the synergetic process of P; release and separation of the nucleotide binding

domains as the rate-limiting step of the cycle.

Based on the insights gained from the cryo-EM analysis of TmrABwrmover, TMrABcar, TMrABapo,
TmrA® Barp, TMrAEBare.app, and TMrABate.vi the following mechanism was proposed (Figure 43):
In the IF-conformation, TM6 acts as a gatekeeper, controlling volume and access to the
intracellular cavity for conformation-specific substrate uptake. Upon ATP binding in both NBDs,
they dimerize, close the intracellular gate, and allow opening of the extracellular gate. In this
state, the transporter can transition between OF-open and OF-occluded conformations until the
release of P; from the canonical site weakens the NBD interactions. In turn, the intracellular gate
unlocks, and the transporter transitions from an OF to an IF conformation via UR*'™/URY™",
The high abundancy of the asymmetric ADP/ATP-bound UR*™/UR®*'™ state under turnover
conditions with excess of ATP suggests that the separation of the sandwiched NBD dimer, which
requires dissociation of the ATP-bound non-canonical site, constitutes the rate-limiting step

during the transport cycle.
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Figure 43: Transport cycle of the heterodimeric ABC exporter TmrAB. TmrAB fluctuates between IFrarrow gnd |Fwide
with TM6 acting as gatekeeper, controlling access and volume of the substrate-binding cavity. Therefore, bulky
substrates can only bind to the IFwide conformation. ATP binding to both NBDs induces NBD dimerization, which
triggers closure of the intracellular gate and opening of the extracellular gate. After substrate release, TmrAB can
isomerize between OF-open and OF-occluded conformations in the ATP-bound state until P; is discharged from the
canonical site. P; release via a phosphate channel results in an asymmetric URY™ (and URaY™*) conformation and
triggers partial opening of the NBDs and the intracellular gate, which advances the exporter towards the IF
conformation. Separation of the NBD dimer by dissociation of the ATP-bound non-canonical site represents the rate-

limiting step during the cycle. TmrA and TmrB are shown in blue and orange, respectively.
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8.3 Alternative attempts to stabilize the outward-facing state of TmrAB

8.3.1 Selection of macrocyclic peptides as conformational arrestors

In collaboration with Richard Obexer (Suga laboratory, Department of Chemistry, The University
of Tokyo, Japan), bioactive cyclic peptides were generated against TmrAB aiming for allosteric
locking of the transport complex to further elucidate key events leading to extracellular gate
opening and closing. Based on pulsed electron-electron double resonance spectroscopy
(PELDOR/DEER) measurements (15, 89) and the above described cryo-EM data, which have
revealed a strong population of the OF-open state upon Vi-trapping, the selection of cyclic
peptides was performed against streptavidin-captured, biotinylated Vi-trapped TmrAB using the
RaPID system (132).

For peptide selection, an RNA library with a diversity of ~2x102 members was created allowing
for 8-15 NNK codons (K = G or T). In total, six consecutive selection rounds were performed.
Peptide selection and synthesis were done by Richard Obexer at the University of Tokyo in Japan.
For a biochemical characterization of the TmrAB/peptide interaction, biotin- and FITC-labeled

cyclic peptides were kindly provided.

Out of the selected putative TmrAB-binding peptide candidates, cyclic peptide VD3 was of
particular interest (aa sequence is shown in Table 10; Figure 44). In absence of nucleotide, no
binding of FITC-labeled VD3 was observed by MC-FSEC (Figure 44a). Upon addition of ATP-Mg?*,
however, FITC-labeled VD3 bound to TmrAB in a stoichiometric ratio of 1:0.8 (TmrAB:VD3f) as
revealed by coelution of TmrAB and peptide (Figure 44b). Previous studies have provided proof
that TmrAB is a very versatile translocation systems with a broad substrate specificity (15, 83).
Among other substrates, binding and translocation of fluorescein by TmrAB was shown (15). In
order to elucidate specific binding of the peptide, but not the fluorescence label, a pull-down
assay was performed using biotin-conjugated VD3. First, TmrAB was incubated with a 2-fold
molar excess of VD3°'" (in the absence or presence of nucleotide). Subsequently, the
TmrAB/VD3P°t" complex was added to streptavidin-coated magnetic beads and binding was
analyzed by an InstantBlue™-stained SDS-PAGE gel. In accordance to the MC-FSEC data, binding

of VD3P was overserved only in the presence of nucleotide (Figure 44d).
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Figure 44: Cyclic peptide VD3 binds specific to nucleotide-bound TmrAB. a and b, MC-FSEC of TmrAB (2 uM) and
VD3F (1.6 uM) in absence (a) or presence of ATP-Mg?* (b). Column: TSKgel® G3000SWyx_ (Tosoh Bioscience). Void
volume is indicated by vo. cand d, TmrAB (1 uM) pull down using streptavidin-coated magnetic beads uponincubation
with VD3bietin (2 yM) in absence (c) or presence of ATP-Mg?* (d) analyzed by an InstantBlue™-stained SDS-PAGE gel.

M: marker; I: input; FT: flow-through; W: wash; B: beads. *: streptavidin.

Interestingly, 40% of TmrAB were found in the flow-through (Figure 44). This results implies that
either 40% of TmrAB were not complex with VD3 or 40% of TmrAB/VD3®°!" complexes did

not bind to streptavidin.

To get further insights into the TmrAB/VD3 interaction, the equilibrium binding constant was
determined by fluorescence anisotropy measurements using FITC-labeled VD3. In presence of
ATP-Mg?*, VD3 bound to TmrAB with an affinity in the low nanomolar range (Kp: 18.1+2.8 nM;
Figure 45a). Addition of a 1000-fold molar excess of unlabeled competitor peptide diminished
binding of VD3" completely. Owing to the exploration of putative conformational locking of
TmrAB induced by cyclic peptide binding, the ATPase activity in presence of increasing
concentrations of VD3 (0-1 uM) was investigated showing an 80% reduction of the ATPase

activity upon addition of 1 uM VD3 (Figure 44b).
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Figure 45: Cyclic peptide VD3 as potent and highly selective inhibitor. a, Binding of VD3F to TmrAB in presence of
nucleotide analyzed by fluorescence anisotropy. 0, 5, 25, 50, 75, 100, 200, and 400 nM TmrAB in 3-DDM were
incubated with 50 nM VD3F peptide and 10 mM ATP-Mg?2* for 15 min on ice. To proof specificity of binding, a 1000-
fold molar excess of unlabeled VD3 (competitor) peptide was added. Fluorescence anisotropy was analyzed at
Aex/em=485/520 nm. Data were measured in triplicates. All data are given as mean + SD. b, Impact of VD3-binding onto
the ATPase activity of TmrAB. ATP hydrolysis of 3-DDM-solubilized TmrAB (200 nM) in the presence of 3 mM MgCl,,
1 mM ATP (supplemented with tracer amounts of [y-32P]JATP), and increasing concentrations of VD3 peptide (0, 50,
100, 200, 500, 700, 1000 nM) was measured for 10 min at 68 °C. Data were measured in triplicates. All data are given

as mean + SD.

To gain insights into the mode of inhibition, particularly the conformational state of TmrAB upon
VD3 binding, a negative-stain EM analysis of nucleotide-bound VD3-complexed TmrAB was
performed. 2D class averaging revealed no difference to previous preparations of TmrAB
without addition of any ligand, suggesting that cyclic peptide VD3 does not allosterically lock
TmrAB in the OF, but in the IF-state (data not shown). Notably, a different degree of NBD
separation, a restriction of the intrinsic dynamics of TmrAB in the IF state or minor changes at
the extracellular gate induced by VD3 binding cannot be distinguished or excluded by this
analysis. Owing to a further exploration of the TmrAB/VD3 interaction, the VD3-binding site was
narrowed down by the addition of monovalent streptavidin as a fiducial marker to
unambiguously identify binding of VD3 to the intra- or extracellular side of TmrAB (Figure 46).
In the presence of nucleotide, TmrAB/VD3°""/streptavidin complexes were isolated by SEC and
subjected to negative-stain EM analysis (Figure 46b). 2D class averaging revealed two major
populations as already indicated by a peak broadening during SEC: TmrAB complexed with
streptavidin and TmrAB without streptavidin bound (Figure 46c). Streptavidin density was only
found at the periplasmic side of TmrAB, suggesting that cyclic peptide VD3 acts as a surface
clamp at the extracellular gate of TmrAB. To increase the EM density at this region, 3-DDM was
exchanged for LMNG. In comparison to DDM, LMNG forms larger micelles as reported previously
(197). In agreement, the detergent belt formed by LMNG seemed much larger in comparison -

DDM solubilized TmrAB. Additionally, bound streptavidin was found in one orientation, whereas
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2D class averages of 3-DDM-solubilized TmrAB showed a higher degree of flexibility (Figure 46d).
Of note, as a further tool to differentiate between the intra- and extracellular side of TmrAB,

nanobody 9F10 was added (indicated by a white arrowhead).
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Figure 46: VD3 binds to the periplasmic side of TmrAB. a and b, TmrAB/VD3Vitin/streptavidin complex formation
analyzed in absence (a) and presence (b) of nucleotide (10 mM MgCl, and 10 mM ATP, incubation for 10 min at 4 °C).
TmrAB, VD3biotin and monovalent streptavidin were added in stoichiometric amounts (0.5 uM each). Column:
Superdex™ 200 Increase 3.2/300 (GE Healthcare). Void and total volume are indicated by vo and v, respectively.
(Monovalent streptavidin was kindly provided by Nita Chang (Geertsma laboratory, Institute of Biochemistry, Goethe-
University, Frankfurt)). c, Representative negative-stain micrograph and 2D class averages of 3-DDM-solubilized
TmrAB/VD3bietin/streptavidin complexes stained with 2% uranyl formate. Micrographs were collected on a Tecnai-
Spirit transmission electron microscope (Thermo Fisher, former FEl), operated at 120 kV and equipped with a Gatan
4x4k CCD camera. Scale bar for original micrograph: 100 nm. Scale bar for inlet (4x4 magnified): 25 nm. d,
Representative negative-stain micrograph and 2D class averages of LMNG-solubilized TmrAB/VD3bictin/streptavidin
complexes stained with 2% uranyl formate. Micrographs were collected on a Tecnai-Spirit transmission electron
microscope (Thermo Fisher, former FEI), operated at 120 kV and equipped with a Gatan 4x4k CCD camera. Scale bar

for original micrograph: 100 nm. Scale bar for inlet (4x4 magnified): 25 nm.
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8.3.2 Discussion

In the previous chapter, the complete conformational spectrum of TmrAB in a native lipid
environment was mapped allowing for a detailed understanding of the catalytic cycle of the
NBDs. Extensive analysis of the EM data provided proof that ATP-triggered dimerization of the
NBDs is sufficient to drive the conformational change from an IF-open to an OF-open
conformation allowing a potential substrate to exit the binding pocket. To further unleash the
molecular events occurring at the extracellular gate of TmrAB for a full understanding of the
allosteric coupling of substrate translocation and ATP binding/hydrolysis, cyclic peptides were
generated against Vi-trapped TmrAB to lock the highly transient OF-open conformation. Using
the RaPID system (132), cyclic peptides were generated against putatively OF-open TmrAB. Out
of the selected candidates, cyclic peptide VD3 was of particular interest, because it was shown
that VD3 binds specific with high affinity to TmrAB, but only in the presence of nucleotide (Figure
44). Additionally, VD3 was shown to almost completely diminish the ATPase activity of TmrAB
(Figure 45). Both results indicated that TmrAB might be conformationally locked in the ATP-
bound state corresponding to the OF-open conformation. Yet, negative-stain EM analysis
revealed IF particles exclusively. This result agrees with the highly transitory nature of the OF-
open state. It seems that the lifespan of the OF-open state induced by Vi-trapping is too short to
allow for the selection of stabilizing chaperones. Of note, this result agrees with previous
attempts to analyze the Vi-trapped state by cryo-EM after SEC (to remove the trapping
reagents): after SEC, no OF-open particles were observed, but a mixture of IF-open and OF-
occluded particles. For a further understanding of the binding and inhibition mechanism of VD3,
the VD3 binding site was mapped. By the addition of monovalent streptavidin to ATP-bound
vD3Petn_complexed TmrAB and subsequent negative-stain EM analysis, binding to the
periplasmic side of TmrAB was shown (Figure 45). Hence, it seems that VD3 binds at the interface
between the outer surface of TmrAB and the outer leaflet of the membrane bilayer and thus

restricts the conformational dynamics, similar as it was shown for aCAP and CmABCB1 (131).

Although none of the selected peptides locked TmrAB in the OF conformation, with VD3 a highly
selective and potent cyclic peptide inhibitor of TmrAB was generated. Nevertheless, for a
detailed understanding of this allosteric coupling of nucleotide-triggered conformational

changes allowing VD3 to bind, further investigation is necessary.
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9. Conclusion

One crucial part of this study was the generation and comparison of three different tools for the
conformational arrest of the ABC export systems TAP and TmrAB: synthetic antibodies,
nanobodies, and cyclic peptides. With a size of about 50 kD, synthetic antibodies, which are
based on a Fab scaffold, form stable and rigid complexes with their respective target protein and
thus provide a defined feature for accurate image alignment in single-particle cryo-EM.
Nanobodies, in contrast, are much smaller in size, but based on the structural organization of
their CDR3-loop, nanobodies are more suitable for stable locking of distinct conformational
states. Macrocyclic peptides have proven to be a particularly useful tool for the inhibition or
stimulation of membrane protein function and thus offer a great potential for the reduction of
the conformational heterogeneity of ABC transport complexes. Although none of the generated
binding molecules was used to map the conformational space of TmrAB by cryo-EM in the end,
the synthetic antibodies and nanobodies generated here proved to be valuable tools to break
the pseudo-symmetric organization of TmrAB and the cyclic peptides represented important

tools to modulate TmrAB function and might prove useful in future crystallization approaches.

Within the last years, several structures of ABC transporters have been published, and the
number of deposited structures is constantly increasing — especially due to recent advances in
the field of single-particle cryo-EM. But mostly, these structures represent snapshots of the most
abundant conformational states of an ABC transporter, which could be stabilized and selected
in crystallization or cryo-EM approaches. However, the full mechanochemical cycle of a
heterodimeric ABC transport system has not been mapped yet, and thus many aspects, such as
the power strokes driving the interconversion of conformational states or the coupling of the
conformational plasticity in the TMDs to the pair of nucleotides in the transiently sandwiched
NBD dimer are poorly understood. Therefore, this study provides a general template for
(heterodimeric) ABC exporter-catalyzed substrate translocation and sheds light onto
fundamental mechanistic details. In one single experiment the complete conformational space
of TmrAB under turnover conditions was mapped illustrating the global changes TmrAB
undergoes during substrate translocation. Missing gaps were filled by the analysis of strategic
positioned ligand combinations and mutations of TmrAB. The way this experiment was designed
provides a template for future studies on ABC transporter structure and exemplifies the
importance of gaining a temporal relation between individual conformers within the transport

cycle to significantly advance the understanding of ABC transporter function.
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Since TmrAB is an exceptionally versatile export system with an extremely broad substrate
specificity, one very important task for future studies will be the discovery of physiological
substrates of TmrAB to further elucidate the impact of substrate binding. Besides to peptides
and dyes, an involvement of TmrAB in glycolipid translocation is discussed, an aspect that was

not part of this study, but is essential for a complete understanding of TmrAB function.
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Figure 47: Fourier shell correlation (FSC) curves. a, FSC curves for TmrABuwmover Show a resolution of 3.8 A for |Frarrow,

4.2 A for IFvide, and 3.5 A for the asymmetric UR®Y™ state as judged from the 0.143 threshold. b, FSC curves for

TmrABate.vi show a resolution of 3.5 A for OF-open and 3.3 A for OF-occluded. ¢, FSC curves for TmrAEQB,rp show a

resolution of 3.7 A for OF-openand 3.6 A for OF-occluded. d, FSC curves for TmrAEQBamp.app Show a resolution of 3.8 A

for IFnarrow 4.1 A for IFwide, 2.8 A for OF-open and 2.9 A for OF-occluded. (FSC analysis and angular assignment was

performed by Arne Moller and Dovile Januliene, Moller laboratory, Department of Structural Biology, Max Planck

Institute of Biophysics, Frankfurt).
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12. Abbreviations

Abbreviation

Description

[-DDM dodecyl-B-D-maltoside

u micro

A Angstrom

aa amino acid

ABC ATP-binding cassette

APS ammonium persulfate

ATP adenosine triphosphate

B beads

BSA bovine serum albumin

C Celsius

CDR complementarity determining region
CCD charge-coupled device

CcMC critical micelle concentration
cryo-EM electron cryo-microscopy

cv column volumes

Da Dalton

dd double distilled

DMSO dimethyl sulfoxide

DNA deoxyribonucleic acid

dNTP deoxynucleotide triphosphate
DOPC 1,2-dioleoyl-sn-glycero-3-phosphocholine
DTT dithiothreitol

ECL enhanced chemiluminescence
EDTA ethylenediaminetetraacetic acid
ELISA enzyme-linked immunosorbent assay
EM electron microscopy

EPR electron paramagnetic resonance
ER endoplasmic reticulum

Fab fragment antigen binding

Fc fragment crystallizable

FPLC fast protein liquid chromatography
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FSEC fluorescence-detection size exclusion chromatography
FT flow-through

fw forward

g gravity

GDN glyco-diosgenin

GPCR G protein-coupled receptor

GraFix gradient fixation

h hour

HPLC high performance liquid chromatography
HRP horseradish peroxidase

hVEGF human vascular endothelial growth factor

| input

ICP47 infected cell peptide 47

IF inward-facing

Ig immunoglobulin

IMAC immobilized metal affinity chromatography
IPTG isopropyl-B-thiogalactopyranoside

kDa kilo Dalton

LB lysogeny broth

LUVs large unilamellar vesicles

M molar

mAb monoclonal antibody

mCerulean monomeric enhanced cyan fluorescent protein
MD molecular dynamics

MHC | major histocompatibility complex class |
min minutes

ml milliliter

MOPS 3-(N-Morpholino)propanesulonic acid

MSP membrane scaffold protein

mVenus monomeric enhanced yellow fluorescent protein
MW molecular weight

n nano

NAV neutravidin

NBD nucleotide-binding domain
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NBS nucleotide-binding site

Nbs nanobodies

NfMCU mitochondrial calcium uniporter orthologue from
Neosartorya fischeri

NMR nuclear magnetic resonance

oD optical density

OF outward-facing

p pico

PAGE polyacrylamide gel electrophoresis

PBS phosphate buffered saline

PCR polymerase chain reaction

PDB protein data bank

PE periplasmic extract

PEG polyethylene glycol

pfu plague-forming units

PG phosphatidylglycerol

P inorganic phosphate

PLC peptide-loading complex

PMSF phenylmethylsulphonyl fluoride

PVDF polyvinylidene difluoride

RaPID Random non-standard Peptide Integrated Discovery

rev reverse

RMSD root-mean-square deviation

rpm rounds per minute

RT room temperature

s second

SDS sodium dodecyl sulfate

sABs synthetic antibodies

SEC size exclusion chromatography

sp single-particle

TAE buffer Tris-acetate EDTA buffer

TAP transporter associated with antigen processing

B terrific broth

TEA triethanolamine
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TFA trifluoro acetic acid

TMB 3,3’,5,5'-tetramethylbenzidine

Tris tris(hydroxymethyl)amino methane

VuH variable region of a heavy chain-only antibody

v/v volume/volume

w/v weight/volume
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