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SUMMARY

SUMMARY

The ATP binding cassette (ABC) transporter family is a large membrane protein superfamily found in all phyla
of life. ABC transporters are essential for the transport of nutrients, ions, peptides, lipids, and also antibiotics
and other harmful compounds across the lipid bilayer. Some of these membrane transporters, such as LmrA
from Lactococcus lactis, MsbA from Escherichia coli and BmrA from Bacillus subtilis are homologs of the human
multidrug resistance (MDR)-related P-glycoprotein. The general architecture of ABC transporters consists of
two transmembrane domains (TMDs) and two nucleotide binding domains (NBDs). ATP binding and hydrolysis
within the NBDs lead to conformational changes in the TMDs that allow translocation of the substrate. ABC
transporters have been studied for more than five decades, and a wealth of structural information is now
available. However, it remains unclear how exactly these molecular machines mediate substrate transport
across a membrane, how the substrates are recognized in molecular detail and how the TMD and NBD are
allosterically coupled to enable progression through the catalytic cycle and the efficient export of substrates.
This PhD thesis focuses on the role of the highly conserved ABC transporter NBD and its structure and dynamics
during the substrate transport mechanism.

The first part of the thesis deals with the question how nucleotide interaction affects NBD dynamics across
timescales, and how this may affect transmission of signals (i.e. nucleotide occupancy within the NBD), from
the nucleotide binding side (NBS) to the TMD or across the NBD-NBD interface. The isolated NBDs of the
exporters LmrA, MsbA and BmrA could be expressed in E. coli in large quantities and showed to be properly
folded and able to bind nucleotides via nuclear magnetic resonance (NMR) spectroscopy. Analysis of NMR
spectra of LmrA-NBD, MsbA-NBD and BmrA-NBD WT showed that some residues in the apo-state have
backbone fluctuations in the us — ms timescale, which became rigidified in the ADP-bound state. Chemical shift
perturbation (CSP), H/D exchange and hetNOE (heteronuclear Overhauser Effect) experiments were carried out
with the LmrA-NBD to investigate the dynamics of individual amino acids upon nucleotide binding. For MsbA-
NBD WT, photoelectron-transfer fluorescence correlation spectroscopy (PET-FCS), which gives information
about global dynamics, was carried out. Nucleotide binding quenches the dynamics of the ATP binding site itself
but also affects remote residues thus beginning to shed light on signal propagation pathways through the NBD.
Conserved motifs known to be important for ATP-binding and/ or hydrolysis within the NBD, such as the A-loop,
the Walker A motif, D-loop, Q-loop or the H-loop and other interesting regions as the coupling helix groove and
the C-terminus of the NBD react to nucleotide binding. Overall, the hetNOE measurements showed that the
secondary structural elements essentially remain identical on the ps - ns timescale for LmrA-NBD WT in the apo
and ADP-bound state, however, while the dynamics of the catalytic subdomain are quenched in the presence
of ADP, the a-helical subdomain became more mobile. H/D exchange and CSP experiments also show ADP
binding induced rigidification of residues in the catalytic subdomain of LmrA-NBD in the ms - s timescale. These
dynamic differences support the role of the a-helical and the catalytic subdomain in transmitting
conformational changes between the NBD and the TMD. Considering that the data obtained for the NBD in the
ADP-bound state reflect the post-hydrolytic state, the “unique” dynamic profile of this state may have far
reaching consequences for substrate unloading and transporter switching from the outward open to the inward
open state before a new transport cycle can begin again. Furthermore, backbone dynamic studies revealed
differences in dynamics between residues of the D-loop, Q-loop and the C-terminal end of the X-loop, which
are flexible in the apo and ADP states, and residues of the N-terminal end of the X-loop and a residue of the
Walker B motif, which are rigid in both states. Investigation of the different catalytic states (apo, (Mg)ADP-
bound and (Mg)ATP-bound) with the different methods yielded a “dynamic fingerprint” of model ABC
transporter NBDs in all physiologically relevant states.

The second part of this PhD thesis examines the structural and dynamic consequences of mutations in the
conserved D-loop, Q-loop and H-loop motifs of the LmrA-NBD using NMR spectroscopy. The experiments show
that there is crosstalk between the three conserved motifs, with the H-loop as a key team player, and remote
NBD regions. Furthermore, D-, Q- and H-loop communicate with other conserved motifs such as the Walker A
and Walker B motifs. However, no or only minor effects on the structure and dynamics in A-loop, X-loop and C-
loop were observed by the inserted mutations. To identify the role of the D-loop residues in substrate transport
and ATP hydrolysis functional assays (i.e. ATPase activity and substrate transport) were carried out using
isolated NBDs and the full-length B. subtilis transporter BmrA. Substrate transport and ATP hydrolysis were
reduced or fully abrogated when mutating the conserved D-loop. The classic ABC transporter D-loop consensus
sequence “SALD” is only maintained in MsbA, but slightly modified in LmrA (ASLD) and BmrA (SSLD).
Interestingly, when the D-loop mutations ASLD or SALD were introduced into full-length BmrA, substrate
transport was still possible. However, for the ASLD mutant, an increase in basal ATP hydrolysis was observed
but at the same time, this mutant did not react with an increase of ATP hydrolysis upon substrate addition, i.e.
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SUMMARY

it lost its ability to carry out “stimulated ATPase activity”, a common feature of ABC multidrug transporters.
These observations indicate that the N-terminal serine and conserved aspartic acid residues of the D-loop
(°°7S-SLD®%) in BmrA are particularly important for ATP hydrolysis. The functional consequences of the D-loop
mutants in combination with CSP experimetns lead to the hypothesis that conformational changes and
dynamics are incorrectly transmitted to important conserved motifs such as H- and Q-loop and residues in
regions important for processing substrate transport, i.e. coupling helix groove and the C-terminus within the
NBD.

The third part of this PhD thesis describes the discovery of a novel “communication hinge” linking the Walker
A motif to the coupling helix groove and thus connecting NBD and TMD via highly conserved residues in the
NBD. NMR spectroscopic studies (i.e. CSP and *°F NMR) of LmrA-NBD WT, MsbA-NBD WT and BmrA-NBD WT
revealed that the C-terminal end of the Walker A helix, which is sequentially highly conserved in type | ABC
exporters (type 1V), interacts with an opposing bulky hydrophobic/aromatic residue. Mutating the conserved
arginine residue at the C-terminal end of the Walker A helix in full-length BmrA was found to disrupt substrate
transport for all tested mutants. ATPase activity, on the other hand, showed different results depending on the
amino acid inserted at the position of the arginine, thereby showing that substrate transport in the TMD and
ATP hydrolysis in the NBD can be selectively decoupled at this site. Furthermore, it was evaluated in this thesis
that mutations in this region impact protein stability of type | ABC exporters (type IV). However, none of the
NMR experiments conducted in this thesis for the D-, Q- or H-loop motif revealed a link to any residue of our
identified allosterically affected region (R-W/L region), suggesting that this is an NBD intradomain signaling
pathway independent of these conserved motifs.

The results presented in this thesis for three archetypical bacterial ABC exporters show that the substrate
transport and ATP hydrolysis mechanisms are enabled through complex interaction networks.
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ZUSAMMENFASSUNG

ZUSAMMENFASSUNG

Die Familie der ATP-bindenden Kassetten-Transporter (ABC-Transporter) ist eine groRe Superfamilie von
Membranproteinen, die in allen Lebewesen vorkommt. ABC-Transporter sind fir den Transport von
Nahrstoffen, lonen, Peptiden, Lipiden, aber auch von Antibiotika und anderen schadlichen Verbindungen tiber
die Lipiddoppelschicht unerlasslich. Einige dieser Membrantransporter wie LmrA aus Lactococcus lactis, MsbA
aus Escherichia coli und BmrA aus Bacillus subtilis sind Homologe des menschlichen Multidrug Resistance
(MDR)-verwandten P-Glykoproteins. Die allgemeine Architektur von ABC-Transportern besteht aus zwei
Transmembrandoméanen (TMDs) und zwei Nukleotidbindungsdoméanen (NBDs). ATP-Bindung und -Hydrolyse in
den NBDs fiihren zu Konformationsanderungen in den TMDs, die die Translokation des Substrats ermdglichen.
ABC-Transporter werden seit mehr als finf Jahrzehnten erforscht, und inzwischen liegt eine Fiille von
Strukturinformationen vor. Es ist jedoch nach wie vor unklar, wie genau diese molekularen Maschinen den
Substrattransport durch eine Membran vermitteln, wie die Substrate im molekularen Detail erkannt werden
und wie die TMD und NBD allosterisch gekoppelt sind, um das Fortschreiten des katalytischen Zyklus und den
effizienten Export der Substrate zu ermdglichen. Diese Dissertation konzentriert sich auf die Rolle der
hochkonservierten NBD von ABC-Transportern und deren Struktur und Dynamik wadhrend des
Substrattransportmechanismus.

Der erste Teil der Arbeit befasst sich mit der Frage, wie die Nukleotidinteraktion die NBD-Dynamik liber
Zeitskalen hinweg beeinflusst und wie dies die Ubertragung von Signalen (ausgeldst durch zum Beispiel
Nukleotidbesetzung innerhalb der NBD) von der Nukleotidbindungsseite (NBS) zur TMD oder (iber die NBD-
NBD-Grenzflache beeinflussen kann. Die isolierten NBDs der Exporter LmrA, MsbA und BmrA konnten in grofRen
Mengen in E. coli exprimiert werden und zeigten sich mittels Kernspinresonanzspektroskopie (NMR) als korrekt
gefaltet und fahig, Nukleotide zu binden. Die Analyse der NMR-Spektren von LmrA-NBD, MsbA-NBD und BmrA-
NBD WT zeigte, dass einige Reste im apo-Zustand Proteinriickrad-Fluktuationen im ps - ms Zeitbereich
aufweisen, die im ADP-gebundenen Zustand gequencht wurden. Experimente zur chemischen Verschiebung
(CV), zum H/D-Austausch und zum heteronuklearen Overhauser-Effekt (hetNOE) wurden mit der LmrA-NBD
durchgefiihrt, um die Dynamik einzelner Aminosaduren bei der Nukleotidbindung zu untersuchen. Fiir MsbA-
NBD WT wurde die photoinduced electron transfer-fluorescence correlation spectroscopy (PET-FCS)
durchgefiihrt, die Informationen (iber die globale Dynamik liefert. Die Nukleotidbindung vermindert die
Dynamik der Bindestelle von ATP in der NBD, wirkt sich aber auch auf entfernte Reste aus, was beginnt
Aufschluss Uber die Signalausbreitungswege durch die NBD zu geben. Konservierte Motive, von denen bekannt
ist, dass sie fur die ATP-Bindung und/oder -Hydrolyse innerhalb der NBD wichtig sind, wie der A-Loop, das
Walker-A-Motiv, der D-loop, der Q-loop oder der H-loop, sowie andere interessante Regionen wie die coupling
helix groove und der C-Terminus der NBD reagieren auf die Nukleotidbindung. Insgesamt zeigten die hetNOE-
Messungen, dass die sekundaren Strukturelemente auf der ps-ns-Zeitskala flir LmrA-NBD WT im apo- und ADP-
gebundenen Zustand im Wesentlichen gleichbleiben. Wahrend jedoch die Dynamik der katalytischen
Subdomane in Gegenwart von ADP vermindert wird, wird die a-helikale Subdomé&ne mobiler. H/D-Austausch-
und CV-Experimente zeigen auch, dass die ADP-Bindung eine Versteifung der Reste in der katalytischen
Subdomane von LmrA-NBD im ms-s-Zeitbereich bewirkt. Diese dynamischen Unterschiede unterstiitzen die
Rolle der a-helikalen und der katalytischen Subdoméne bei der Ubertragung von Konformationsinderungen
zwischen der NBD und der TMD. In Anbetracht der Tatsache, dass die fiir die NBD im ADP-gebundenen Zustand
erhaltenen Daten den post-hydrolytischen Zustand widerspiegeln, konnte das "einzigartige" dynamische Profil
dieses Zustands weitreichende Folgen fiir das Entlassen des Substrates und den Wechsel des Transporters vom
nach auBen offenen in den nach innen offenen Zustand haben, bevor ein neuer Transportzyklus wieder
beginnen kann. Dariliber hinaus ergaben Untersuchungen der Proteinriickgratdynamik Unterschiede in der
Dynamik zwischen den Resten der D-Loop, der Q-Loop und dem C-terminalen Ende der X-Loop, die im Apo- und
ADP-Zustand flexibel sind, und den Resten des N-terminalen Endes der X-Loop und einem Rest des Walker-B-
Motivs, die in beiden Zustanden starr sind. Die Untersuchung der verschiedenen katalytischen Zustande (apo,
(Mg)ADP-gebunden und (Mg)ATP-gebunden) mit den verschiedenen Methoden ergab einen "dynamischen
Fingerabdruck" von Modell-ABC-Transporter-NBDs in allen physiologisch relevanten Zustdanden.

Im zweiten Teil dieser Doktorarbeit werden die strukturellen und dynamischen Folgen von Mutationen in den
konservierten Motiven D-Loop-, Q-Loop- und H-Loop der LmrA-NBD mittels NMR-Spektroskopie untersucht.
Die Experimente zeigen, dass es eine Wechselwirkung zwischen den drei konservierten Motiven, mit dem H-
Loop als wichtigen Teamplayer, und mit von diesen Motiven entfernteren NBD-Regionen gibt. Dariiber hinaus
kommunizieren D-, Q- und H-Loop mit anderen konservierten Motiven wie den Walker-A- und Walker-B-
Motiven. Die eingefligten Mutationen hatten jedoch keine oder nur geringe Auswirkungen auf die Struktur und
Dynamik des A-Loop, X-Loop und des C-Loop. Um die Rolle der D-Loop-Reste beim Substrattransport und der
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ATP-Hydrolyse zu ermitteln, wurden funktionelle Assays (d. h. ATPase-Aktivitat und Substrattransport) mit
isolierten NBDs und dem Volllange B. subtilis-Transporter BmrA durchgefiihrt. Der Substrattransport und die
ATP-Hydrolyse wurden durch Mutation des Aspartat Restes im D-Loop reduziert oder ganz aufgehoben. Die
klassische ABC-Transporter-D-Loop-Konsensussequenz "SALD" ist nur in MsbA enthalten, wahrend sie in LmrA
(ASLD) und BmrA (SSLD) leicht verdndert ist. Interessanterweise war der Substrattransportimmer noch moglich,
wenn die D-Loop-Mutationen ASLD oder SALD in BmrA in voller Lange eingefiihrt wurden. Bei der ASLD-
Mutante wurde jedoch ein Anstieg der basalen ATP-Hydrolyse beobachtet, aber gleichzeitig reagierte diese
Mutante nicht mit einem Anstieg der ATP-Hydrolyse auf die Zugabe von Substrat, d. h. sie verlor ihre Fahigkeit
zur "stimulierten ATPase-Aktivitat", ein gemeinsames Merkmal von ABC-Multidrug-Transportern. Diese
Beobachtungen deuten darauf hin, dass das N-terminalen Serin- und der konservierte Asparaginsaurerest des
D-Loops (*°7S-SLD%%) in BmrA besonders wichtige Reste fiir die ATP-Hydrolyse sind. Die Konsequenzen der
D-Loop-Mutanten auf die Aktivitdt des Proteins in Kombination mit den CV-Experimenten fiihren zu der
Hypothese, dass Konformationsdanderungen und Dynamik der NBD fehlerhaft auf wichtige konservierte Motive
wie H- und Q-Loop und Reste in Regionen libertragen werden, die fiir die Verarbeitung des Substrattransports
wichtig sind, wie die coupling helix groove und den C-Terminus innerhalb einer NBD.

Der dritte Teil dieser Dissertation beschreibt die Entdeckung eines neuartigen "Kommunikationsscharniers",
das das Walker-A-Motiv mit der coupling helix groove verbindet und somit NBD und TMD (ber
hochkonservierte Reste der NBD verbindet. NMR-spektroskopische Untersuchungen (d.h. CV und °F NMR) von
LmrA-NBD WT, MsbA-NBD WT und BmrA-NBD WT ergaben, dass das C-terminale Ende der Walker A-Helix, das
in ABC-Exportern vom Typ | (Typ IV) sequenziell hoch konserviert ist, mit einem gegeniberliegenden sperrigen
hydrophoben/ aromatischen Rest interagiert. Die Mutation des konservierten Argininrests am C-terminalen
Ende der Walker-A-Helix in BmrA in voller Lange fiihrte bei allen getesteten Mutanten zu einem Verlust des
Substrattransports. Die ATPase-Aktivitat hingegen zeigte unterschiedliche Ergebnisse in Abhangigkeit von der
an der Position des Arginins eingefligten Aminosaure, was zeigt, dass der Substrattransport in der TMD und die
ATP-Hydrolyse in der NBD an dieser Stelle selektiv entkoppelt werden kénnen. Dariiber hinaus wurde in dieser
Arbeit analysiert, wie die Mutationen in dieser Region die Proteinstabilitdt von ABC-Exporteuren des Typs | (Typ
IV) beeinflussen. Keines der NMR-Experimente, die in dieser Arbeit fur das D-, Q- oder H-Loop-Motiv
durchgefiihrt wurden, zeigte jedoch eine Verbindung zu irgendeinem Rest der von uns identifizierten
allosterisch beeinflussten Region (R-W/L-Region), was darauf hindeutet, dass es sich um einen NBD-
Intradoméanen-Signalweg handelt, der von diesen konservierten Motiven unabhangig ist.

Die in dieser Arbeit vorgestellten Ergebnisse fir drei archetypische bakterielle ABC-Exporter zeigen, dass der
Substrattransport und die ATP-Hydrolyse-Mechanismus durch komplexe Interaktionsnetzwerke ermdglicht
werden.



“One never notices what has been done; one can only see what remains to be done.” wmarie curie
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ABBREVIATIONS

ABBREVIATIONS

Aa Amino acids

ABC transporter ATP-binding cassette transporter
ACF Autocorrelation function

ADP Adenosine diphosphate

APS Ammonium persulfate

ATP Adenosine triphosphate

B-jrs B -jellyroll-like domains

B. subtilis Bacillus subtilis

BisTris-HCI Bis(2-hydroxyethyl)amino-tris(hydroxymethyl)methane hydrochloride
BmrA Bacillus multidrug resistance ATP
bp base pairs

BTFA 3-bromo-1,1,1-trifluoroacetone

CD spectroscopy
CH
CcMC
CRD
CcsP
C-terminal
cv
dH20
ddH20
DDM
DNA
DMSO
DSS
DTT
D20

E. coli
ECF
EDTA
FID

H/D
HetNOE
Hise-tag
HSQC
ICso
IPTG
K-EDTA
L. lactis
LB-medium
LDH
LMNG
LmrA
M9
MRW
MsbA
MSP
Mw
MWCO

Circular dicroism spectroscopy

Coupling helix

Critical micelle concentration
C-terminal regulatory domain

Chemical shift perturbations
Carboxy-terminal

Column volumns

demineralized water

Double-distilled water
n-dodecyl-B-D-1-thiogalactopyranosid
Deoxyribonucleic acid

Dimethyl sulfoxide
4,4-dimethyl-4-silapentane-1-sulfonic acid
Dithiothreitol

Deuterium oxide

Escherichia coli

energy-coupling factor
Ethylenediaminetetraacetic acid

Free induction decay

Hydrogen/ Deuterium

Heteronuclear NOE

Polyhistidin-tag comprised of 6 histidine
Heteronuclear single quantum coherence
Half maximal inhibitory concentration
Isopropyl B-D-1-thiogalactopyranoside
Potassium ethylenediaminetetraacetic acid
Lactococcus lactis

Lysogeny broth medium

Lactate dehydrogenase

Lauryl maltose neopentyl glycol
Lactococcus multidrug resistance ATP
Minimal medium

Mean residue weight

Mannheimia succiniciproducens Lipid A export ATP-binding/permease

Membrane scaffold protein
Molecular weight
Molecular weight Cut-Off

X



ABBREVIATIONS

NBD

NH
NiZ*-NTA
NMR
NOE
NTP
N-terminal
ODeoo
PCR

PEP
PET-FCS
P-gp

PK

PLD
ppm
RMSD
RNA
Rpm

RT

SBP

SDS
SDS-PAGE
SEC
TAE
TEMED
TEV
TMD
Tris-HCI
TROSY
To

To

v/v

w/v

WT
2XYT

XV

Nucleotide binding domain

Amine group

Nickel-Nitrilotriacetic complex

Nuclear magnetic resonance

Nuclear Overhauser effect

Nucleoside triphosphate

Amino-terminal

Optical density measured at wavelength of 600 nm
Polymerase chain reaction
Phosphoenolpyruvate

Photoinduced electron transfer-fluorescence correlation spectroscopy
P-glycoprotein

Pyruvate kinase

Periplasmic domain

parts per million

Root-mean-square deviation

Ribonucleic acid

Revolutions per minute

Room temperature

Substrate binding protein

Sodium dodecyl sulfate

SDS Polyacrylamide gel electrophoresis

Size exclusion chromatography

Tris base -acetate acid-EDTA
Tetramethylethylenediamine

Tobacco etch Virus

Transmembrane domain
Tris(hydroxymethyl)-aminomethan hydrochloride
Transverse relaxation-optimized spectroscopy
Translational diffusion time constant
Relaxation time constant

Volume per volume

Weigth per volume

Wildtype

2x Yeast extract and tryptone
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1. MEMBRANE PROTEINS

One third of the human genome encodes for integral membrane proteins, and membrane proteins
constitute more than 60% of all drug targets 2. Even though membrane proteins make up a high level
of total amount of proteins in cells, only ~1% of the protein entries in the protein data bank? are
membrane proteins. Since the advent of high-resolution cryoEM, the structural information available
for membrane protein is growing faster and currently ~10% of entries in the electron microscopy
databank® are membrane proteins®. Membrane proteins carry out essential functions such as ion,
vitamin or metabolite translocation across cellular membranes, cell-cell communication through
direct interactions, chemical or electric stimuli and cellular detoxification by extruding antibiotics and
toxic compounds®®,

Regulated transport of molecules across the cell membrane via selective uptake or release
mechanisms is essential for cell survival. Many membrane proteins function as gateways, and enable
either passive, facilitated or active transport. The transport against a concentration gradient requires
energy and is performed by primary active or secondary active transporters. Primary active
transporters use the free enthalpy of a high-energy enzymatic reaction, such as ATP hydrolysis, for
substrate transport. Transport ATPases, which include the rotary motor F-, A- and V-ATPases, the
P-type ATPases and the ATP-binding cassette (ABC) transporters make use of this approach. The large
ABC transporter family whose members are ubiquitously expressed in all phyla of life presents an
exciting field to study transport mechanisms across cellular membranes. ABC transporters are
essential for the transport of many structurally diverse substances across the cellular membranes and
thus guarantee cell survival. Substrates include sugars, lipids, peptides but also antibiotics and toxins.
The extrusion of toxins, as well as drugs used as chemotherapeutics and antibiotics, is beneficial to
protect the cell, but it also leads to emerging problems such as multidrug resistance (MDR).



CHAPTER I:
INTRODUCTION

2. MULTIDRUG RESISTANCE

The extensive and sometimes uncontrolled use of drugs in the past decades led to the increased
occurrence of microbial multidrug resistance (MDR)’. The phenomenon of MDR is characterized by
the fact that such microbial defense mechanisms are not selective to the single drug used during the
treatment of a disease, but rather also to other compounds that can even be unrelated in structure
and molecular action. In case of pathogenic microorganisms, this can correspond to a resistance to
several classes of antimicrobial drugs, resulting in ineffective drug therapy. In cancer cells, MDR
manifests as a cross-resistance to a wide variety of anticancer drugs with different structures and
mechanisms of action®. Hence, in the context of human health, understanding multidrug resistance
mechanisms is crucial for chemotherapy as well as for the treatment of bacterial infections with
antibiotics®™2.

The four predominant molecular mechanisms of multidrug resistance’ are

(i) Drug inactivation or modification
This is the major mechanism of resistance towards B-lactam antibiotics (e.g. penicillin**3).
The enzymatic inactivation of drugs is conducted by e.g. chloramphenicol transferases and
aminoglycoside modifying enzymes?**>,

(ii) Drug target changes or bypass
The drug target can be altered through mutagenesis, enzymatic alterations (e.g. addition of
methyl groups) and/or replacement or bypass of the original target!®. These alterations result
in reduced drug binding affinities and drug efficancy. As an example, alterations (i.e. amino
acid substitution) of proteins which bind penicillin can lead to the formation of irreversible
complexes of protein with penicillin and hence causes an inhibition of their function in cell
wall synthesis (i.e. in peptidoglycan synthesis)*2.

(iii) Diminished drug import
The cell membrane acts as a physical barrier for drug entry. It also affects resistance as its
permeability changes e.g. due to an altered membrane protein composition. For instance,
the number of outer membrane porins can be reduced to negatively impact drug uptake of
the cell”17:28,

(iv) Enhanced active drug export
Higher expression of protein efflux pumps leads to enhanced drug extrusion, this will be
discussed in more details in the following.

The efflux pumps involved in enhanced export of drugs are both primary and secondary active
transporters and can be classified in the following groups based on protein sequence homology,
energy source for substrate translocation and overall structure (Figure 1)1%2:

(ivl)  Primary active transporters
= “ATP binding cassette” (ABC) transporter superfamily?*-2¢

(iv2)  Secondary active transporters

“Major facilitator superfamily” (MFS) family?”-%

“Multidrug and toxin compound extrusion” (MATE) family?*%

“Small multidrug resistance” (SMR) family3°

(Belonging to the “drug/ metabolite transporter” (DMT) superfamily)
“Resistance-nodulation division” (RND) family3132

“Proteobacterial antimicrobial compound efflux” (PACE) family?!

L7 7 T

“p-aminobenzoyl-glutamate transporter” (AbgT) family*
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H* Na'/H* H* H* H*
H*
™M
ATP ADP+P,
ABC MFS MATE PACE SMR AbgT RND
Superfamily Superfamily Superfamily family family family superfamily

TMDs

NBDs

Sav1866 MdfA NorM-VC Acel EmrE MtrF

Figure 1: Classification of the seven drug efflux pumps involved in bacterial multidrug resistance (modified from Chitsaz
and Brown, 2017%)

The top scheme represents the seven different efflux pumps within the membrane (inner membrane in case of gram-negative
bacteria). Below, the respective known structures are illustrated (not drawn to size). The ABC transporter superfamily (blue,
Sav1866, PDB ID: 2HYD3?) represents the only primary active transporter family involved in MDR. The MFS superfamily
(brown, MdfA, PDB ID: 4Z0W?35), the MATE superfamily (dark purple, NorM-VC, PDB ID: 3MKT?¢), the PACE family (dark
yellow, no structure available, shown are the four transmembrane segments as a model), the SMR family (gray, EmrE, PDB
ID: 7JK837), the AbgT family (light green, MtrF, PDB ID: 4R11°8) and the RND superfamily (three component scheme for
tripartite efflux pump, colored by dark blue - IMP, rose - MFP and green - OMF; AcrB, PDB ID: 2DRD3%; AcrA, PDB ID: 2F1M“9;
TolC, PDB ID: 2VDE*!) represent the six secondary active transporters of MDR. EmrE, MdfA and AcrB structures contain a
substrate which is shown in gray. The ABC and MFS family form also tripartite efflux pumps with the soluble periplasmic
adapter protein AcrA and the 8-barrel outer membrane protein TolC or their homologs. NBDs — Nucleotide binding domains.
TMDs — Transmembrane domains. OM — Outer membrane in case of gram-negative bacteria. CM - Cytosolic membrane.
IMP - Inner membrane protein. OMF - Outer membrane factor family. MFP - Membrane fusion protein family.

Genetic plasticity to adapt to its environment is crucial for organisms from an evolutionary
perspective. Especially in microorganisms, in addition to mutation in gene(s) commonly associated
with the mechanism of action of a specific compound (see also ii above), incorporation of foreign
DNA encoding for resistance determinants via horizontal gene transfer is used.

Furthermore, in cancer cells, the inactivation of apoptotic pathways, drug compartmentalization in
lysosomes following extrusion, enhanced DNA damage repair, epigenetic alterations and
deregulation of mMRNAs also result in MDR®4243,

The superfamily of ABC transporters is involved both in microbial drug resistance and tumor
resistance to chemotherapeutics. This also includes drug resistance in parasites, fungal drug
resistance and bacterial multidrug resistance*>!. In human cells ABC transporters are involved in
tumor resistance to chemotherapeutics®*™°. To efficiently fight cancer, strategies of individualized
chemotherapy become more and more important. One interesting novel approach is the search for
ABC transporter nonsense mutations, which can be utilized for precision medicine development for
individual patients®®. In summary, this makes ABC transporters one of the most important protein
families for human health and disease.
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3. ABCTRANSPORTERS

ABC transporters are ubiquitous in all three phyla of life. They mediate the translocation of diverse
substrates under ATP consumption®”® and are relevant in diverse physiological processes, such as
lipid homeostasis, nutrient import, antigen presentation, antiviral defense, plant development, signal
transduction or cellular detoxification®"%. Different classifications can be carried out based on either
ABC transporter function or architecture. In general, all ABC transporters consist of a transmembrane
domain (TMD), responsible for substrate binding and translocation and a nucleotide binding domain
(NBD), responsible for ATP hydrolysis. The structural details of TMD and NBD will be introduced in
subchapter 3.3 Structural details of ABC transporters: TMDs and NBDs. In addition, ABC proteins
consisting only of soluble NBDs are also present in the superfamily of ABC proteins.

On the functional level, the ABC protein superfamily can be divided into four major groups, of which
the first three are membrane proteins:

(i) Importers (mainly bacterial ABC transporters)
(ii) ABC proteins that act as ion channels or channel regulators
(iii) Exporters of diverse compounds including peptides, metabolites or xenobiotics
(such as human ABCB family and MDR related ABC transporters)
(iv) ABC proteins lacking transmembrane domains involved in DNA repair and translation

On a structural level, the TMDs and NBDs can be arranged in different ways, i.e. on a single or on
separate polypeptide chains (Figure 2 modified from Theodoulou & Kerr, 20157; Lacabanne, 201773):

(i) Four separate functional polypeptide chains (can have identical or different NBD and TMD
subunits)

(ii) Three functional polypeptide chains, with two identical separate or fused NBDs and two
separate or fused TMDs

(iii) Two functional polypeptide chains, each with one NBD fused to one TMD, organized as homo-
or heterodimers, or

(iv) A single functional polypeptide chain containing all functional domains.

Domain organization of ABC transporters

(i) (i) (iii) (iv)

Four Three Two One
polypeptide chains polypeptide chains polypeptide chains polypeptide chain
TMDs
NBDs
NikABCDE MalEFGK, BtuCDF FhuBCD RbsABC Examples
HisQMP,  ModABC CFTR*
ArtMP-] Importer

Channel

Figure 2: Core domain organization of ABC transporters (modified from Theodoulou & Kerr, 201572; Lacabanne,2017 73)
Combinations of the two transmembrane domains (TMDs) and two nucleotide binding domains (NBDs). i) Four polypeptide
chains, ii) Three polypeptide chains, iii) Two polypeptide chains and iv) One polypeptide chain. Examples for the respective
domain organization are given below the respective topology. Colors indicate whether they are exporters, importers,
channels or mechanotransducers/ extractors. Asterisks indicate eukaryotic ABC transporters. Not shown are ABC proteins
lacking the transmembrane domains.
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Furthermore, ABC transporters can contain additional regulatory domains, such as substrate binding
domains (SBDs) or C-terminal regulatory domains (CRDs) that are not depicted in Figure 2.

Of note, there is currently no clear consensus in the field how to classify ABC transporters and the
occurrence of new folds and/or functions may lead to changes in future classification attempts.
A summary of currently utilized classifications is shown in Figure 3.

Classifications related to ABC transporter architectures and functions

Importers Exporters Mechanotransducer/Extractors
Type lll ter Beek et al.,

Type | Type ll ECF transporter Exporters 5014

Type |l Type Il ECF-type Exporters ;g‘f:"
Lewinson &

Type | Type ll Typel Type ll Livnat-Levanon,
2017

Type | Type ll Type lll Type IV Type V Type VI Type VII ;;i;"e etal,

Type | Type Il Type lll Type IV Type V Type VI Type VII* ;g;’;‘as &Tampé,

TMD folds
Type | Type Il Type llI Type IV Type V Type VI Type Vil | Thomas&Tampé,

2020

Extra-

cytosolic

space
TMDs Mem

Cytosol

NBDs

MalFGK,-MBP BtuC,D,-BtuF ABCG5/8 LptB;FG

Figure 3: Different proposals for the classification of ABC transporters based on their architecture and function

Seven different structural folds are represented from the current available structural data of ABC transporters. From left to
right: maltose transporter (MalFGK>-MBP, PDB ID: 2R6G7#), vitamin B12 transporter (BtuC,D,-BtuF, PDB ID: 2QI97%), folate
importer (EcfTSA,-FolT, PDB ID: 4HUQ”¢), multidrug exporter (PDB ID: Sav1866, 2HYD34), sterol transporter (ABCG5/8, PDB
ID: 5D0777), lipopolysaccharide extractor (LptB2FG, PDB ID: 5X5Y78) and the enterotoxin and macrolide transporter (MacB,
PDB ID: 5LJ77%). Different proposals for the classification of ABC transporters are presented. Of note, there is currently no
clear consensus in the field how to ultimately classify ABC transporters and the occurrence of new folds and/or functions
may lead to changes in future classification attempts. The type VIl ABC transporter was originally not specified as type VIl
mechanotransducer/ extractor in the first paper by Thomas and Tampe, 2018 (asterisks labeled). Domain organization as
indicated in Figure 2 has been neglected within the used color codes. Mem —Membrane. NBDs — Nucleotide binding domains.
TMDs — Transmembrane domains. SBD — Substrate binding domain. CRD — C-terminal regulatory domain. PLDs — Periplasmic
domains. f-jrs — p-jellyroll-like domains.

ABC transporters can function as exporters (i.e. removing substrates from the cytoplasm), importers
(i.e. translocating substrates into the cytoplasm) or mechanotransducers/ extractors (i.e.,
transduction of mechanical force into the periplasm coupled to movement of substrates across the
cell membrane)®2, Based on these functions, ABC transporters were classified in three types of
importers, two types of exporters and were recently extended by the mechanotransducers/
extractors LptB,FG type and MacB type (Figure 3)3*7472888 2020 another nomenclature for ABC
transporters based on the structural homology of the TMD folds was proposed (Figure 3), not
predominantly related to the direction of substrate translocation®. Accordingly, the classes based on
the function in the ABC field were suggested to be renamed from, “type | importers” to “type I”
transporters, “type Il importers” to “type II” transporters, “type lll importers” to “type III”

5
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transporters, “type | exporters” to “type IV” transporters, “type |l exporters” to “type V" transporters,
“extractor/ mechanotransducer type LptB,FG” to “type VI” transporters and “extractor/
mechanotransducer type MacB” to “type VII” (Figure 3 and Figure 4).

|

¢~ maie mep) | Typell
ﬁ‘ i
i

MalG BtuC

i |
Importer { Importer ! Importer
MalFGK,-MalE BtuC,D,-F ! EcfTAA-FoIT

® 2.9 ' 3
Exporter Exporter Exporter Exporter (floppase) Exporter Exporter
Sav1866 TmrAB TM287/288 MsbA P-gp (ABCB1) BmrA
Type V
KXY, ekl
N
7 r\f 5 ‘.‘
Exporter (floppase)  Exporter (floppase) Exporter Exporter Exporter
Wzm-WztN TarGH ABCGS5/8 ABCG2 ABCA1
Type VI . Type Vi
LptF LptG ]
v W
{ [
)
g\ :
Extractor 1 Mechanotransmitter/extractor
LptB,FG . MacB

Figure 4: Proposal for a classification of ABC transporter based on the TMD folds (modified from Thomas et al. 2020%2)

Of note, there is currently no clear consensus in the field how to ultimately classify ABC transporters and the occurrence of
new folds and/or functions may lead to changes in future classification attempts. TMD topologies are illustrated as models,
which are based on the first neighboring structure, i.e. type IV model is based on Savi866. NBDs are shown as surface
representations or as simple cartoon. Red arrows indicate possible substrate transport pathways within and across the
membrane. The TMDs of each transporter are highlighted in green and blue. When they consist of only one polypeptide
chain, they are uniformly highlighted in blue. The substrate binding domains are highlighted in orange for type | — Ill folds.
Additionally, auxiliary TMD helices and auxiliary domains are illustrated in red, light pink and light violet. In the NBDs bound
(occluded) nucleotides and magnesium ions are represented as dark pink spheres. Inhibitors and substrates are shown in
CPK colors and yellow colors. PDB IDs of shown transporters: MalFGK>-MalE (2R6G7#), BtuC,D,-BtuF (4FI137%), EcCfTAA -FolT
(4HUQ7S), Sav1866 (2HYD3), TmrAB (5MKK®), TM287/288 (4Q4H), MsbA (5TV4%Y), P-gp (4M1M?92), BmrA (6R81%), Wzm-
WztN (601H%), TarGH (6JBH%), ABCG5/8 (5D0777), ABCG2 (6HCO%), ABCA1 (5XJY%?), LptB,FG (5X5Y78), MacB (5LJ779). NBD
— Nucleotide binding domain. TMD — Transmembrane domain. PLDs — Periplasmic domains. f-jrs — p-jellyroll-like domains.
CH — Coupling helix. CoH — Connecting helix. EH — Elbow helix. P2 — Extracytoplasmic loop. PG — Periplasmic gate helix.
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3.1. Mammalian ABC proteins

Mammalian ABC proteins belong to seven subfamilies, ABCA-G: Members of the families A-D and G
code for membrane transporters (Table 1). Members of the ABCE and ABCF families are soluble
proteins consisting only of NBDs and are involved in e.g. ribosome recycling or transcription
regulation®®®. In members of the ABCA and C families, all four domains are fused in a single
polypeptide chain (so-called full transporters), while ABCD and G members (as well as the majority of
prokaryotic exporters) are “half-transporters” where one TMD is fused to one NBD (Figure 2 and
Table 1). The ABCA transporter subfamily is involved in the regulation of cellular trafficking and
cholesterol homeostasis'®. The ABCC subfamily includes ABCC7 (CFTR: cystic fibrosis conductance
regulator), which is an ion channel, as well as ABCC8 and ABCC9 that are regulators of the Kir6.2
potassium ion channel'®®. A unique feature of the ABCG subfamily is their domain topology with an
N-terminally leading NBD followed by the TMD (Table 1). Four out of five ABCG transporters capable
of transporting lipids across a membrane!®, In the ABCB family, both full and half transporters can
be found (Table 1). Here, two half-transporters will homo- or hetero-dimerize to form a full
transporter'®. In bacteria, many other ABC transporter domain organizations, such as all four
domains on separate peptides, exist (Table 1). The ABCB subfamily is structurally heterogeneous, as
it includes both full length (ABCB1, ABCB4, ABCB5 and ABCB11), as well as hetero- and homodimeric
half transporters (ABCB2/B3 and ABCB6-10, respectively).

Across the seven subfamilies, human ABC transporters participate in tasks as versatile as antigen
presentation, mitochondrial iron homeostasis, ATP dependent regulation of ion channels or lipid
transport. Indeed, twenty out of the 48 human ABC transporter proteins have been implicated in the
transport of lipids or lipid-like molecules, such as steroids (including cholesterol and bile acids),
phospholipids and sphingolipids (for a detailed description please refer to Vasiliou et al., 2009,
Tarling et al., 2013'%; Neumann et al., 2017'%). These “lipid translocators” belong to all ABC
transporter subfamilies (A, B, C, D, G), thus no subfamily specific trait seems to be responsible for
lipid recognition and transport®. Mutations in these proteins lead to disruptions in lipid metabolism
and distribution. Consequences are lipid-associated diseases such as sitosterolemia®’, Stargardt
diseasel® or Tangier disease!®, thus underlining the importance of well-organized cellular lipid
translocation. The phenomenon of MDR has been reported to be associated with members of the
human ABCB (ABCB1 and ABCB4), ABCC (ABCC1-5, ABCC10) and ABCG (ABCG2 and ABCG4) family
and frequently coincides with the ability of a protein to translocate lipids®.
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Table 1: Human ABC transporters involved in lipid transport (modified from Neumann et al., 20161%)
The topology of the different ABC families as well as their substrates and cellular distribution are shown. In parentheses, the
subfamily members are given as abbreviations, e.g. Al stands for ABCA1.

Human
ABC family

Transporter
topology

Lipophilic
substrates

Subcellular
localization

ABCA

TMDL T™MD2

I_'_l L_'_I
NBD1 NBD2

{Phospho) lipids

(AL, A3, Ad, A7, A12)
Sphingomyelin

(A1, A3)

Cholesterol

(A1, A2, AS)

Plasma membrane
(AL, A4, A7)
Lysosome

(A2, A5)

Lamellar bodies
(A3, A12)

ABCB ABCC ABCD
T™MDL T™D2 TMDO TMD1 TMDO TVD1 VD2 ™D
r L 1 T L 1 '_I_” L 1 T L r L 1 T L 1 r L 1
N [ N [ N{
N 05 05 02
C C C c
[— Lol Lo (- [ et
NBD1 NBD2 NBD1 NBD1 NBD2 NBD

Phospholipids
(B1, B4)
Sphingolipids (B1)
Bile salts (B11)
Drugs (B1)

Plasma membrane
(B1, B4, B11)

Phospholipids (C1)
Bile salts
(C1,C2,C3)
Steroids (C1, C10)
Drugs (C1, C2)

Plasma membrane
(C1, C2, C3, C10)

(VLC)FA
(D1 -D4)

Peroxisome
(D1 -D4})

ABCG

Lipids {G4)
Cholesterol

(G1, G4, G5/G8)
Steroids

(G2, G5/G8)
Drugs (G2)

Plasma membrane
(G5/G8)
Endosomes

(G1, G4)
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3.2. ABC transporters in multidrug resistance
3.2.1. ABCB1 - P-glycoprotein

Members of the human ABCB subfamily exhibit a wide variety of physiological functions. ABCB1
(Multidrug resistance protein 1 (MDR1), P-glycoprotein, or P-pg) is a major player in cellular
detoxification and multidrug resistance!-113,

This 170-kDa plasma membrane protein was discovered 19764, Juliano and Ling isolated mutants of
Chinese hamster ovary cells for their cross-resistance to structurally diverse drugs, such as
vinblastine, daunomycin and colcemid!'4. Within these mutants, a correlation between the level of
resistance and the presence of the membrane protein P-gp was observed. P-gp is expressed at tissue
barriers such as skin, intestine!*, blood-brain barrier, placental barrier, and blood testis barrier!!! to
limit the entry of environmental toxins and to keep the level of xenobiotics below a harmful level.
Thus, the main role of P-gp seems to be cellular detoxification by expelling a large number of
chemically unrelated hydrophobic compounds from the plasma membrane. While normally showing
a protective function, P-gp frequently interferes with chemotherapy treatment by actively removing
the medication, when cancer cells overexpress the transporter!!®!’ Besides its problematic role in
chemotherapy, P-gp is of further clinical relevance since it regulates bioavailability and
pharmacokinetics of many drugs, e.g., by preventing brain penetration, uptake from the intestine or
permeation through the placenta!®. P-gp transporter activity has also been exploited e.g. in second
generation antihistamines to prevent adverse sedative effects by limiting penetration through the
blood-brain barrier'®.

P-gp structurally belongs to the type | ABC exporters (type IV fold) (Figure 3 and Figure 4). Its two
transmembrane domains (TMDs) and nucleotide binding domains (NBDs) are expressed on a single
polypeptide chain (Figure 2). It has two canonical NBS which per se are capable of conducting ATP
hydrolysis, but it was noted that P-gp catalyzes only one ATP per cycle, indicating that asymmetry
may occur within P-gp conformations during the substrate transport mechanism??°. This observation
indicates functional analogies with heterodimeric type | ABC exporters (type IV fold).

3.2.2. The bacterial ABC exporters LmrA, BmrA and MsbA

Two decades after the discovery of P-gp, LmrA (Lactococcus multidrug resistance protein ATP) from
Lactococcus lactis was found as the first prokaryotic multidrug ABC transporter pump*?!. Expression
of LmrA in human cells complemented P-gp function and hence LmrA was suggested to be a bona
fide bacterial homolog of P-gp?2. Furthermore, hydrophobic drug extrusion from the cell membrane
was shown to be mediated by LmrA due to ATP hydrolysis, including various antibiotics. Within the
gram-positive strain L. lactis, LmrA transports amphiphilic substrates from the inner lipid leaflet of
the cytoplasm to the extracytosolic matrix*?%123, Other prokaryotic ABC transporters related to drug
efflux are BmrA (Bacillus multidrug resistance ATP) in gram-positive bacteria such as Bacillus subtilis
and MsbA in gram-negative bacteria such as Escherichia coli. Gram-negative bacteria possess aninner
cytoplasmic membrane and an outer membrane containing phospholipids in its inner leaflet and
lipopolysaccharides (LPS) in its outer leaflet. MsbA is found in the cytoplasmic membrane of gram-
negative bacteria!?*. MsbA is essential for the translocation of lipid A and LPS from the inner leaflet.
Hence, it is important for building and maintaining the outer cell membrane!?>1%,

The physiological role in lipid transport of LmrA was also supported by the finding that it can
functionally substitute MsbA, a lipopolysaccharide (LPS) ABC transporter!?”128, As an ABC transporter
in gram-positive bacteria that do not contain LPS, LmrA might be involved in flopping of
phospholipids!?®. When overexpressing BmrA in Escherichia coli membranes, it was competent to
transport a high diversity of substrates, such as Hoechst 33342, 7-aminoactinimycin D and
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doxorubicin®3®, Similarly, when overexpressing MsbA in E. coli or L. lactis resistance to multiple drugs
was observed!?1%131 Taken these observations, a function as a lipid floppase and multidrug
resistance transporter was proposed for MsbA32,

In LmrA, BmrA and MsbA, one TMD, (containing 6 transmembrane helices (TMHs)) and one NBD are
expressed in a single polypeptide chain with a size of around 65 kDa. A functional transporter forms
homodimers (Figure 2)13%133134 The structural similarities between these three bacterial transporters
with the mammalian P-gp also support the notion that they potentially share substrate overlap and
a similar transport mechanism (Figure 4 and Table 2)!21127.128,

The high-resolution crystal structure of MsbA published in 2005 presented the first structure of any
ABC transporter but had to be retracted later. Since then, new MsbA structures in different
conformations (e.g. Lipid A-bound) have been determined!®>*°!, Recently, three structures of B.
subtilis BmrA were obtained®. For L. lactis LmrA, there is currently no structure available although
this transporter has been described extensively with biophysical techniques (3.5. Biophysical
methods used to study type | ABC exporter (type IV fold) dynamics). For details regarding the details
about the architecture of ABC transporters see subchapter 3 ABC transporters.

Table 2: Examples of drugs transported by LmrA, BmrA, MsbA and P-gp (modified from Orelle et al., 2019%)

Organism Protein | Transported drug Selected references
Lactococcu LmrA Ethidium bromide, Hoechst 33342, Daunomycin, Rhodamine 6G, TPP+, Van Veen et al., 1996'%%;
s lactis macrolides, streptogramins, tetracyclines, chloramphenicol Putman et al., 2000*3¢
i . . " . . . Steinfels et al., 2004%37;
Bacillus Ethidium bromide, Hoechst 33342, Doxorubicin, 7-amino-actinomycin D,
subtilis BmrA cervimycin, Rhodamine 6G Krugel et al., 2010%%;
yen, Chaptal et al., 2022%
127.
Escherichia Ethidium, Hoechst 33342 Reuter ?t al., 2003*; 128
coli MsbA (Binding of drugs: Daunorubicin, Colchicine, Vinblastine) Woebking et al., 2005%%;
g Bs: ’ ’ Eckford et al., 200813t
Juliano & Ling, 19764;
Yusa & Tsuruo, 19891%;
Tamai & Safa, 19914;
. . . . Naito et al., 199341,
Homo P-gp Hoechst 33342, Rhodamine 123, Verapamil, cyclosporine A, Azidopine, Saeki et al,, 1993142

(ABCB1, | Diltiazem, FK-506, Daunomycin, Doxorubicin Vinblastine, Vincristine,

sapiens MDR1) Colcemid, Actinomycin D, erythromycin, valinomycin

Germann, 199643,
Shapiro & Ling, 1997%%;
Schinkel & Jonker, 200345;
Wang et al., 2017%5;

Martino et al., 20187
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3.3. Structural details of ABC transporters: TMDs and NBDs
3.3.1. The transmembrane domains and their interactions with the nucleotide binding domains

The TMDs of an ABC transporter form the translocation pathway and determine substrate specificity.
The TMDs are very diverse and vary both in sequence and fold (Figure 3 and Figure 4). While the
TMDs of most ABC transporter families form dimers with a C2 symmetry axis, the TMDs of the so-
called energy-coupling factor (ECF) transporters are an exception. They have a unique
transmembrane architecture with only a single TMD and two NBDs. In order to form the transport-
competent protein complex, the lone TMD needs to interact with a separate, substrate-binding,
integral transmembrane protein that acts as a high-affinity scavenger for low abundance substrates
such as vitamins or trace elements. It has been proposed that due to this architecture, ECF
transporters have a unique transport mechanism where the substrate binding protein “topples” in
the membrane to release the substrate®°.

Since this thesis investigates ABC transporters of the type | exporters (type IV fold), this domain
architecture will be introduced in a bit more detail. Overall, TMDs share a similar basic fold with a
core of six transmembrane a-helices. A characteristic feature of the members of this subfamily of ABC
transporters is the extensive protrusion of their TMD helices into the cytosol (Figure 3 and Figure 4).
This fold was observed in the crystal structure of the multidrug transporter Sav1866 from
Staphylococcus aureus for the first time3* and since then in many other ABC transporters involved in
MDR including MsbA%1%5, BmrA® and P-gp°%1%¢1%°_|n this fold, the TMD a-helices are connected by
loops that are larger in the cytosol than extracytosolic within type | ABC exporters (type IV fold, Figure
3 and Figure 4). Importantly, two of these intracellular loops (ICLs) fold into short a-helices, known
as the “coupling helices” and form the non-covalent surface contact with the NBDs (Figure 4). One of
the two coupling helices from each TMD makes a contact with its own NBD in cis, and one reaches
over to the opposing NBD to form a contact in trans (Figure 3 and Figure 4). Coupling helices are
present in all ABC transporters and are crucial for NBD-TMD and TMD-NBD connection (e.g. for
transmitting and inducing conformational changes within the domains) during the substrate
transport cycle (Figure 3 and Figure 4).

Another interesting feature within the TMDs of the type | ABC exporters (type IV fold) are the elbow
helices (Figure 3 and Figure 4). These helices are structural oriented parallel to the membrane has a
putative role in anchoring the TMDs to the membrane. Furthermore, an interaction of the elbow
helices with substrates was described, which indicates a role at the beginning of the substrate
translocation process®°.
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3.3.2. Nucleotide binding domains: constitution and function

In ABC transporters, substrate transport is coupled to binding and hydrolysis of ATP by the two NBDs.
In contrast to the TMDs, the NBDs are highly conserved within the whole superfamily of ABC
transporters, as the name (ATP-binding cassette) also indicates. A similar mechanism for ATP
hydrolysis can be proposed across all ABC transporter NBDs as they display sequence identities of 25-
30%°%151, A typical NBD has a size of around 250 amino acids (aa). The NBD contains three
characteristic conserved motifs: the Walker A motif, the Walker B motif and the ABC motif, which is
specific for the ABC protein family (see below).

In general, each NBD contains a nucleotide binding site (NBS). In the ATPase competent NBD dimer,
the two NBS from the two subunits are located at the interface between the two NBDs that arrange
each other in a “head-to-tail” orientation (Figure 5A). The NBS region is the area with the highest
sequence conservation (Figure 5A/B). An essential feature of the NBS is that an “ATP sandwich” is
formed between the conserved motifs A-loop, Walker A, Walker B, Q-loop and the H-loop of one NBD
and the D-loop and the ABC signature motif of the opposing NBD (Figure 5A, see below for a detailed
description of the role of these conserved motifs). In heterodimeric ABC transporter NBDs, one center
of hydrolysis can be degenerated due to mutations within the conserved motifs to form a non-
canonical NBD. This usually leads to a situation where a nucleotide can still bind but no hydrolysis can
be performed within one of the two NBS%.

A NBD dimer (view from the membrane plane)

NBS1
NBD1

o) o) o| Z

» (0™
Q J

NBS2

catalytic
subdomain

RecA-like
subdomain J

N C
B ; : -

IRLF

Figure 5: Inter- and intradomain organization of ABC transporter nucleotide binding domains

A) Top view from the membrane plane onto an NBD dimer. Shown is the structure of the NBDs of Sav1866 (PDB ID: 2HYD3,
left). The two ADPs in the NBSs are shown as sticks. The arrangement of the conserved residues (color code as in C) around
the two nucleotides bound in the interdomain cleft are shown in a schematic on the right. Note the “head to tail”
arrangement of the NBD dimer and the resulting NBS symmetry B) Close-up view of one NBS, showing nucleotide and
magnesium ion interactions within the NBD interface. Upper view represents one NBS of Sav1866 binding ADP. The lower
view represents one NBS of MalK (PDB ID: 3RLF'32) binding the ATP analog AMP-PNP (sticks) and magnesium ion (green
ball). Residues of conserved motifs involved in ATP binding and hydrolysis are shown as sticks. C) NBD monomer view from
the NBD-NBD interface, highlighting the subdomains and the conserved motifs. Below the NBD monomer the according
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secondary structure elements of the Savi866 NBD are displayed, where lighter gray indicates the a-helical subdomain and
the conserved motifs are highlighted in different colors (Appendix 1). Asterisk marked X-loop motif does only occur within
type | ABC exporters (type IV fold). Ad — Adenine. P;— Phosphate. NBD — Nucleotide binding domain. NBS — Nucleotide binding
site.

The NBD monomer can be structurally subdivided into three subdomains, the RecA-like subdomain,
a three stranded antiparallel B-sheet forming the B-subdomain, and three to four helices forming an
a-helical subdomain (Figure 5C)%>3, While the a-helical subdomain only occurs in ABC-transporters,
the RecA-like subdomain is also found within other P-loop NTPases. The RecA-like subdomain
includes the conserved Walker A (P-loop) and B motifs, as well as the D- and H-loop (Figure 5 and
Table 3), while the B-sheet region contains the A-loop. The RecA-like and the B-sheet region together
can thus be called “catalytic subdomain”. The a-helical subdomain harbors the C-loop (ABC signature
motif) (Figure 5 and Table 3), the X-loop and a region named the structural diverse region®*
(Appendix 2). The conserved Q-loop region in the RecA-like subdomain forms the interface between
the catalytic and the a-helical subdomain. The conserved motifs are essential for nucleotide binding,
hydrolysis and NBD-NBD as well as NBD-TMD communication (Table 3). A more detailed description
about the function of the conserved motifs is given in the following table and text.

Table 3: Consensus sequence, subdomain localization and function of conserved motifs in the NBDs listed according to their
occurrence in the subdomains/ interface between the subdomains (B8-subdomain, RecA-like and a-helical subdomain).
Asterisk marked motif does only occur within type | ABC exporters (type IV fold). (modified from Sz6ll6si’>°)

Motif

Consensus sequence

Subdomain
localization

Function

A-loop1s6:157

Aromatic residue
(oftenY)

B-subdomain

ATP binding
(Base stacking)

Q- loo p80, 158-163

Stretch of ~ eight aa
with a conserved Q

RecA-like subdomain
, interface between
a-helical and catalytic
subdomain

NBD-TMD communication
Coordination of the magnesium ion
Facilitate NBD closing

Walker A (P-loop)®*

GxxGxGK(S/T)?*

RecA-like subdomain

ATP binding
(Phosphate binding)
Coordination of the magnesium ion

Wa I ke r B156,1647167

dddHDE?

RecA-like subdomain

ATP hydrolysis
Stabilizing the magnesium ion

D- I 00 p168fl73,90, 174

SALD

RecA-like subdomain

NBD-NBD communication,

NBD-NBD dimerization

(Interaction with H-loop and Walker A of
the opposing NBD),

unidirectional transport

H-loop (switch loop)*7+17

$AHRL

RecA-like subdomain

ATP hydrolysis

Coordination of the magnesium ion
NBD-NBD dimerization

(Interaction with D-loop

of the opposing NBD)

ABC motif
(Signature motif/ C-
|oop)60,176

LSGGQ

a-helical subdomain

ATP binding
(Phosphate binding)
NBD-NBD communication

X- I 00 p %34,177-182

TXVG(E/D)(R/K)G?

a-helical subdomain

NBD-TMD communication

1 x =any residue

2 ¢ = hydrophobic residue
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Conserved motif in the B-subdomain:
A-loop motif

The A-loop motif is an aromatic amino acid residue (mainly tyrosine, Table 3 and Figure 5)**’. This
aromatic amino acid interacts with the adenine ring of ATP or ADP via m-1t stacking, hydrogen bonds
and van der Waals contacts®. This relative non-specific interaction led to the idea that it might be
responsible for the intrinsic promiscuity of NBDs for various nucleotides'’>.

Motifs in the RecA-like subdomain:
Q-loop motif - interface between catalytic and a-helical subdomain

A central conserved motif is the Q-loop, which is named after its conserved glutamine residue (Table
3 and Figure 5). It is located at the interface between the catalytic and the a-helical subdomain®. Due
to conformational changes of the Q-loop, the glutamine residue can move in and out of the active
catalytic center during ATP hydrolysis. In the literature, a role of the Q-loop glutamine in coordinating
the magnesium ion for ATP hydrolysis, to communicate ATP binding and hydrolysis at the NBS to the
TMDs leading to conformational changes and to facilitate NBD-NBD closing have been discussed®*®"
163,183,184 A structure of P-gp obtained in 2018 showed that the position of the Q-loop glutamine
should indeed be able to fulfill all these tasks due to its position in the structure®,

In ABC transporters, ATP hydrolysis occurs via the attack of a water molecule on the y-phosphate.
Often the side chain of an amino acid activates the attacking water molecule by deprotonation. In
the NBDs of different ABC transporters, the Q-loop glutamine residue, together with the Walker B
glutamate, was seen to form hydrogen bonds with a water molecule described to be a candidate for
the Iytic water during ATP hydrolysis®®*®'"!, However, this early observation, that the Q-loop may be
potentially important for coordinating the attacking water is not yet fully established. Movements
between the catalytic and the RecA-like subdomain may also influence the movements of the Q-loop.
On the other hand, flexibility of the Q-loop would be convenient to enable movements between the
catalytic and the a-helical subdomain. The coupling helices (3.3.1 The transmembrane domains and
their interactions with the nucleotide binding domains) of the TMDs are also in contact with the Q-
loop, which led to the hypothesis that the Q-loop plays a central role in the conformational coupling
between NBDs and TMDs and hence the connection of hydrolysis and substrate
transport3+13>148.163,183,185186 Mutating the both Q-loops in the NBDs of P-gp led to loss of ATPase
activity, loss of the ability to perform a conformational change within the TMDs and thus transport
capability?®?,

Walker A (P-loop) motif

The best known and one of the earliest motifs described to fulfil an important role in ATP-binding of
ATPases is the Walker A motif. Walker et al. originally identified this motif in 1982 in different proteins
(ATP-utilizing enzymes as RecA, the a and B subunits of Fi-ATPase and myosin)!®*. The Walker A motif
(also named P-loop) consists of a loop and a part of the first NBD a-helix. It has the consensus
sequence GxxGxGK(S/T), where x is any aa residue (Table 3 and Figure 5)*87_ First insights into the
interactions between ATP and the Walker A motif residues came from the crystal structure of HisP,
the NBD of the bacterial periplasmic histidine permease HisMQP,*®®. In the structure of HisMQP; the
Walker A motif wraps around the phosphate groups, which was found to facilitate the formation of
hydrogen bonds between the backbone amides of residues of the Walker A (SGSGKST) and the B- and
y-phosphate groups of ATP. Other isolated NBDs (from e.g. MalK', Glcv1®?, HIyB®%, TAP'*) as well
as within full-length (Sav18663*1%, P-gp!%3, MsbA%, BmrA%) structures of ABC transporters further
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confirmed these interactions. The high content of conserved glycine residues in the Walker A motif
may be advantageous for flexibility needed to adopt the loop structure with certain torsion angles
which would not be compatible with residues having other sidechains®2. The conserved lysine
residue backbone amide and its sidechain can interact with ATP (B- and y-phosphate of ATP)8%-93188,191
This lysine residue is further thought to neutralize the negative charge of the phosphate groups and
to position the nucleotide in a higher-energy conformation!®2. Mutations of the lysine residue can
result in abolished drug transport (e.g. in P-gp'®® or BmrA¥?) and to a significant decrease of ATPase
activity and/ or impair nucleotide binding®*1’. The helix following the Walker A motif also stabilizes
the negative phosphate groups of the nucleotides by its electrostatic dipole moment®8. Isolated NBD
crystal structures revealed that the serine or threonine residue is involved in directly coordinating the
co-factor magnesium (i.e. via their sidechain hydroxy!'®”:17%172183 or hackbone amide groups®>®).

Walker B motif

Proteins that contain the P-loop (Walker A motif) also harbor another highly conserved motif, the
Walker B motif'®*. The Walker B motif consists of hydrophobic residues forming a B-strand and a
conserved aspartate and glutamate residue. The consensus sequence is pddPDE (where ¢ is a
hydrophobic aa, Table 3 and Figure 5)'°*'87, The aspartate residue is involved in coordination of the
magnesium ion required for catalysis!®®166:167.171199 The catalytic glutamate is responsible for ATP
hydrolysis. It presumably acts as a catalytic base'®2% responsible for polarizing the attacking water,
which induces proton abstraction what consequently forces the nucleophilic attack on the
y-phosphate of the ATP molecule®*1°6167.169 However, alternate models beyond the general base
model for the glutamate residue exist as for some ABC transporter E/Q mutants reduced but not
completely abolished ATPase activity was observed’#2°1-203 (Appendix table 1 and Appendix table 2).
These lead to additional models for ATP hydrolysis, i.e., the general acid as well as the substrate-
assisted hydrolysis model**>%"1, Due to the functions of the aspartate and glutamate residue it could
be postulated that the Walker B motif is involved in ATP hydrolysis rather than ATP binding.

The E/Q mutation, i.e., substituting the Walker B glutamate by glutamine, is one of the most
frequently used mutations in the field to prevent ATP hydrolysis. Based on this mutation and the
resulting stabilization of what is believed to be a pre-hydrolysis state in the presence of ATP3163.202
led to numerous ABC transporter protein structures®1631%9 (Appendix table 1 and Appendix table 2).
Furthermore, E mutants (e.g. E-A) can vyield to a defective substrate transport®. Mimicking a pre-
hydrolytic state of ABC transporters can also be achieved by trapping with Beryllium fluoride (BeFy),
which stabilizes the tetrahedral geometry of this intermediate state2%4-20¢,

D-loop motif

C-terminal of the Walker B motif is the conserved D-loop with the consensus sequence SALD (Table
3 and Figure 5). It is the second hallmark of ABC transporters next to the ABC signature motif. In the
NBD dimer interface, the D-loops are located antiparallelly between the two NBS. Hence the D-loops
are in a prime position to mediate communication between both NBSs. Furthermore, conformational
changes of the flexible D-loop can mediate communication between the two NBDs and seem to be
important for the formation of the hydrolysis-competent active site®>168173177.207 The connection
between the two NBDs is mediated by interactions of the D-loop with the H-loop and the Walker A
motif of the opposing NBD via a complex hydrogen and electrostatic network!5216%-172174 Thys, the
D-loop can stabilize the NBD dimer through multiple interactions in the center of the NBD dimer
interface including an extensive cross-interface hydrogen bond network?®, Its importance in NBD-
NBD dimerization was demonstrated by e.g. mutating the aspartate to an alanine residue, which
prevented the formation of a dimer in the presence of ATP4,
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Crystal structures of heterodimeric ABC exporter, TAP revealed that the D-loop aspartate residue can
act as a cap for the following C-terminal a-helix and hence represents a key residue to maintain
rigidity within the vicinity of the D-loop'’4. Mutating the aspartate residue of the D-loop resulted in
diverse outcomes for the ATPase activity and substrate transport. When mutating one aspartate
residue to an alanine in the heterodimeric sterol transporter ABCG5/8, no impact on sterol transport
was reported?®. On the other hand, the substitution of the D-loop of the consensus site of other
heterodimeric ABC transporters (i.e. TM287/288, LmrCD and EfrCD) was found to be critical for
ATPase activity and substrate transport® 2%, Furthermore, D-loop mutants were reported to lead to
loss of transporter unidirectionality within the heterodimeric ABC exporter TAPY’4, Substituting the
aspartate residue to a glycine in the homodimeric lipid A exporter MsbA abolished its transport
function and yielded enhanced ATPase activity?'%%12,

H-loop (Switch loop) motif

A conserved histidine residue interacts with the catalytic base from the Walker B motif and the
y-phosphate of ATP”® (Table 3 and Figure 5). This so-called H-loop is crucial to position the catalytic
base, water and magnesium ion correctly for ATP hydrolysis and was hence also named the linchpin
of ATP hydrolysis?’*?!3, Furthermore, it undergoes interactions with the D-loop of the opposing
NBD%214 When mutating the H-loop histidine residue in different ABC transporters, such as MsbA
or HlyB-NBD"*213, 3 reduction in ATPase activity and transport efficiency was observed?’%213.215-217,
For the NBD of HIlyB, the deficiency in ATP hydrolysis permitted the stabilization of the NBD dimer
arrangement when the H-loop histidine or the Walker B motif glutamate residue were mutated,
which resulted in the successful crystallization of NBD dimers in the presence of ATP"%,

Motifs in the a-helical subdomain:

ABC signature motif (C-loop)

The ABC signature motif is the first hallmark of ABC transporters®®’®, Its presence in the a-helical
subdomain of ABC transporters but not in other P-loop NTPases labels a protein as a member of the
ABC superfamily. The C-loop is essential for ATP hydrolysis and has the consensus sequence LSGGQ
(Table 3 and Figure 5). It is a central part of the NBS in the NBD dimers, where it helps to coordinate
ATP%9183 |In many crystallographic studies as well as molecular dynamics simulations on isolated
NBDs it is suggested that ATP binding induces conformational changes of the a-helical subdomain
where the ABC signature motif is localized. This facilitates the coordination of the C-loop and the y-
phosphate of an ATP molecule bound to the opposing NBD subunit69170.189.218-220 Thjs interaction of
ATP via the C-loop across the NBD dimer interface can bring the NBDs close for ATP hydrolysis. The
backbone amide groups of the two sequential C-loop glycine residues have been reported to occupy
the space between the a- and y-phosphate. Those glycine residues are able to communicate changes
in the active site to the a-helical subdomain?6®170.221,222
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X-loop motif

The X-loop motif with the consensus sequence TxVG(E/D)(R/K)G precedes the ABC signature motif
and only occurs within type | ABC exporters (type IV fold) (Table 3 and Figure 5)**. It interacts with
the coupling helices'’® and was proposed to be important for NBD-TMD communication3*177.179-181,
Structural differences have been identified in the X-loop of different transporters upon ATP
hydrolysis!’®, which might be due to its proximity to the ABC signature motif (C-loop). This would
enable the X-loop motif to transmit conformational changes between the ATP binding site and the
TMDs%182 This motif indicates that connection between ATP hydrolysis and substrate transport may
be distinct in type | ABC exporters (type IV fold) compared to the other ABC transporters.
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3.3.3. Models for the ATPase catalytic cycle in the NBD during the transport mechanism

All models describing the NBDs during the transport cycle of an ABC transporter need to at least
consider the following steps: ATP binding, ATP hydrolysis, ADP and P; release and nucleotide induced
conformational consequences in both NBDs. These steps are connected to structural rearrangements
within the TMDs, which leads to a potential substrate entry state and a state for substrate release.

Overall, models of the ABC transporter catalytic cycle can be divided into two main categories; either
(i) predicting complete NBD separation or (ii) requiring the NBDs to remain in contact throughout the
transport cycle. Asymmetric transporter conformations are associated with asymmetric binding
states for nucleotides. The best-known models that include NBD separation are the “ATP-switch”?%,
the “tweezers-like” model'’® and the “processive clamp”16%224225 models. In contrast, “constant
contact”?%, “alternating sites”??” and “nucleotide occlusion models propose continuous NBD-
NBD contact of at least one NBS throughout the transport cycle. All models implicitly agree on a tight
coupling between NBDs and TMDs, with the closed NBD dimer corresponding to the outward open
TMD conformation and the inward facing TMD conformation showing looser NBD association. The
catalytic cycle models are summarized in Figure 6 and Table 4. Briefly, the “constant contact” model
relies on the relative motions between the a-helical and the catalytic subdomain within the NBDs.
This extra flexibility allows nucleotide exchange in the open NBS, while keeping the second NBS closed
and ATP-bound in an asymmetric conformation?*. Coupling helices of the TMDs are attached to the
NBDs at the border between the a-helical and the catalytic subdomain. Subsequently, movements
(dynamics) induced by e.g. nucleotide binding between those two subdomains can be transmitted to
the TMDs. When considering the different models, it should also be kept in mind that e.g. in E. coli
the physiological ATP concentrations are in the range of ~1500 - 2600 uM and physiological ADP
concentrations are in the range of ~800 uM?2, Therefore, transporters may almost always be in the
nucleotide bound state, even though the affinity of nucleotides depends on the conformation of the
transporter?*,

7228-230
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Figure 6: Cartoon summarizing the two main ABC transporter-catalytic cycle models (modified from Sz6llési et al.,
20177%)

A) Motions of the TMDs during the transport cycle of an ABC transporter based on the classic alternating access model. For
simplicity, only an inward open state (substrate entry) and an outward facing state (substrate release) are illustrated. The
cartoon includes the two possible paths (between membrane sides or membrane leaflets) of substrate binding and release.
B) Functional models with full NBD separation; “ATP-switch”??3, “tweezers-like”?7% and “processive clamp”169224.225_ Shown
is the top membrane view of the NBD dimers during the transport cycle. C) Functional models with constant contact of NBDs;
“constant contact”?26, “alternating sites”?27 and “nucleotide occlusion”?25-230, D) NBS distances change within the functional
models shown in B and C during the catalytic cycle. The diagram illustrates the distances between the two NBS (from Walker
A to ABC signature motif) during the substrate transport cycle: NBS distances during the models without constant NBD
contact (purple); NBS distances during the models with constant NBD contact (green). The asterisk indicates that within the
constant contact model alternating NBS separation is induced due to movements between the a-helical subdomain and the
catalytic sub domain within the NBD. TMD — transmembrane domain. NBD — Nucleotide binding domain. NBS — Nucleotide
binding site.
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Table 4: Models of the catalytic cycle of an ABC transporter in four steps.?>®> The “tweezer-like” model was originally proposed
for the maltose importer and is included for further reference and comparison. Light gray — without constant NBD contact.
Dark gray — with constant NBD contact.

Steps ”Nucleotide ”ATP-switch“??® | “Processive clamp” “Alternating “Constant “Tweezers-like”
occlusion 228230 etz 22 sites”2%7 contact”2% (in MalFGK;)17°

NBDs: NBDs: NBDs: NBDs: NBDs: NBDs:
semi-open dimer separated, empty  ATP binding, dimer semi-open dimer  semi-open dimer semi-open dimer

NBS1: formation NBS1: NBS1: NBSs:

occluded ATP ATP binding occluded, ATP- empty
NBS2: NBS2: bound
loosely ATP binding empty NBS2:
occluded, empty
TMDs:
inward open TMDs: TMDs: TMDs:
inward open, inward open, inward open
substrate binding bound substrate
TMDs: NBDs: NBS1#: hydrolysis, NBS2: NBS1: Maltose loaded
substrate binding ATP binding, dimer maybe release of  ATP binding occluded, hydrolysis MBP binds to
Pi NBS1: hydrolysis> NBS2: protein
high energy open NBSs:
ADP+P; state ATP binding
TMDs: TMDs: inward TMDs:
outward open, open outward open
substrate release
3 NBS1: NBDs: hydrolysis ~ NBS2*: NBS1: NBS1: NBDs:
hydrolysis ATP hydrolysis, Pi release Pi release, open dimerize
NBS2: release of P; NBS2: MBP:
occluded binding ATP releases maltose
TMDs: TMD:
outward open > outward open
substrate release
4 NBS1: NBD: NBD: NBS1: NBS1: NBSs:
ADP, P; release ADP, Pi release, separated, ADP ADP release ADP release, empty, ATP hydrolysis
separated release occluded NBD:
NBS2: separated
ATP, occluded
TMDs: TMDs: TMDs: TMDs:
inward open inward open inward open > inward open
substrate release release of maltose
and MBP

MBP - Maltose-binding protein
Pi - Inorganic phosphate or HPOs*
#Sequential hydrolysis in NBS1 and NBS2 with unknown order.

Interestingly, the “ATP-switch” and “processive clamp” models are mainly supported by
measurements on bacterial transporters. In contrast, the “alternating sites”, “constant contact” and
“nucleotide occlusion” models are mainly supported by data from mammalian transporters®®. It
remains unresolved whether these differences represent a common trend within bacterial and
mammalian transporters, are due to experimental under-determination or can be attributed to the

particularities of each transporter.

In summary, different models of movements during the catalytic cycle exist for the NBDs. Overall, it
seems that NBDs move towards each other when ATP is bound and move apart after hydrolysis (post-
hydrolysis), when ADP and P; are released. Whether this process is a targeted motion remains unclear.
Nevertheless, chemical energy from the hydrolysis is converted into conformational changes, which
are translocated from the NBD to the second NBD or to the TMDs.
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In addition, it remains somewhat unclear whether a transport cycle consumes one or two ATP
molecules (and whether the same stoichiometry applies to all ABC transporters). The presence of two
centers for hydrolysis would indicate two ATP molecules might be necessary for a functional transport
cycle. However, such a hypothesis is somewhat refuted by the existence of ABC transporters with a
degenerated NBS. Hence, the stoichiometry may differ between ABC transporters. A lot of effort was
invested to shed light on the question of how many ATP molecules are consumed by an ABC
transporter to go through a complete transport cycle. Lately a study made use of the slowing down
of ATP hydrolysis by the Walker B motif E-Q mutant to examine the ATP consume in a heterodimeric,
thermophilic ABC transporter (containing a consensus and a degenerate NBS), TmrAB3, In this study
it was shown that at least for this transporter, a single ATP can be enough for substrate
translocation?®,
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3.4. Transport mechanism of type | ABC exporters:
"alternating access” mechanism and its alterations

Due to the different types of available structures and the broad variety of substrates for ABC
transporters, a unifying transport mechanism presumably does not exist. In this study, the NBDs and
full-length ABC transporters of type | exporters (type IV fold) were used as model systems. Hence, the
following chapter will mainly focus on the molecular transport mechanisms related to this class of
transporters.

Different ABC transporter structures, with or without nucleotides and/or substrates led to the
proposal of different transport mechanisms. The “alternating access” mechanis was first proposed
for type | ABC exporters (type IV fold) after crystal structures of MsbA%>3> and Sav18663* had been
determined?**. In this mechanism, the ABC transporter alternates between an inward open (apo
state) and a nucleotide bound outward facing state (Figure 7A). In the NBDs, conformational changes
are nucleotide dependent and cause the switch between inward open and outward facing states for
the TMDs with two different substrate affinities. The different states of the TMDs allow substrate
binding at one and release on the other side of the membrane. Access to the substrate binding site
can be blocked by two gates, one of which always needs to be closed to prevent a channel-like
function. When a substrate binds from the cytoplasmic side to the TMDs and/or nucleotides bind to
the NBDs, a structural rearrangement in the TMDs occurs that allows them to reach the outward
facing state via an occluded transition state, with lower substrate affinity leading to substrate
release?®2%, Nucleotide binding in the NBDs pushes tight association of the NBDs, which causes
structural rearrangements of the TMDs that are transmitted via the coupling helices34. During or after
ATP hydrolysis, the substrate is released, ADP and P; are released and the inward open conformation
of the transporter is reset.

For drug extrusion by ABC transporters, the “alternating access” mechanism was extended to the
“hydrophobic vacuum cleaner” model®*’ (Figure 7A). This model takes into account that structurally
diverse hydrophobic and amphipathic substrates of ABC transporters are enriched in the membrane
bilayer?®, Substrates of ABC transporters can be “flopped” from the inner membrane leaflet to the
outer leaflet or expelled directly to the extracytosolic space. Importantly, this model may explain how
polyspecificity of MDR transporters such as P-gp is possible despite the typically low binding affinity
of these substrates when the membrane acts as a concentrator for these molecules. This model
implicitly emphasizes the importance of the membrane environment for the transport process.
Transport is energized by ATP, which also imposes unidirectionality’’®. In addition, substrate binding
can stimulate ATPase activity as seen for P-gp, which can trigger enhanced transport activity?39-243,

Other variations of the “alternating access” mechanism have been proposed based on experimental
data obtained for the bacterial ABC transporters McJD (antibacterial peptide microcin J25 ABC
transporter) and PCAT (peptidase containing ABC transporter)?**, Here, crystal structures, electron
paramagnetic resonance (EPR) and single-molecule Forster energy transfer (smFRET) measurements
indicate that both ATP and substrate binding are needed to reach the outward facing state?*>2%8, In
comparison, crystal structures of MsbA®»13*> and Sav18663 are already in the outward facing state in
the presence of nucleotide alone. For the human multidrug resistance related proteins such as P-gp,
structures resolved with cryoEM revealed outward facing states for P-gp only in the presence of both
nucleotide and substrate?*®. Nevertheless, in the same study the conformational spectrum of MsbA
was identified to have a higher number of conformations in the outward facing state with nucleotide
than P-gp in the presence of nucleotides?”. Hence, it could be hypothesized that for bacterial
multidrug ABC transporters the detail that nucleotide binding already leads to an outward facing state
in the transport mechanism may also be related to a varying specificity for substrates?*°,
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A “Alternating access” - solute/ drug transport C

Inward open Inward open
Apo state

TMDs

NBDs

Sav1866 MsbA MsbA Sav1866
ADP +P, ATP [2HYD] [STTP, ADP+P, ATP [3B60] [20NJ]
Outwardopen Occluded (o] dopen  Occluded Outwardopen
Post-hydrolytic state Pre-hydrolytic state
B “Swinging“- multidrug transport D “Qutward open” - PgIK whip
Inward open Occluded Attach

Release Release Squeeze-out

Figure 7: Potential transport mechanisms for type | ABC exporters (type IV fold, modified from Neumann et al., 2017%)
Available crystal structure conformations are indicated by gray backgrounds. A) “Alternating access” mechanism including
the “vacuum cleaner” model. Solutes/drugs can enter from the cytoplasm or the membrane and leave the transporter in the
same orientation they have entered the transporter. B) “Swinging” mechanism for multidrug transporters such as BmrA
following the model by Chaptal et al.?3. Different substrates (drugs) may enter the ABC transporter within a dynamic inward
open conformation. ATP binding leads to the occluded state, concomitant with dynamics within an outer part within the
TMDs (transmembrane helices 1-2 and 3-6), which leads to a drug release. Hydrophobicity of the substrate binding pocket
is proposed to subsequently cause the prompt closing after the release of the hydrophobic substrate by motions of the TM1-
2, leading to the occluded state. ATP hydrolysis is supposed to be not necessary mechanism but might occur after drug
release, leading to the inward facing conformation. C) Representative crystal structure snapshots, indicating that details of
the classic “alternating access” mechanism are still unclear. Apo state MsbA in peptidiscs (PDB ID: 6UZ2%51), MsbA with
substrate (LPS) (PDB ID: 5TV4%1), pre-hydrolytic states of MsbA with AMP-PNP (PDB ID: 3B60'3%) and of Sav1866 (PDB ID:
20NJ*1) and post-hydrolytic states of MsbA with ADP-vanadate in nanodiscs (PDB ID: 5TTP%!) and Sav1866 with ADP
(PDB ID: 2HYD34). D) Whipping mechanism for lipid-linked oligosaccharyls (LLO) by PglK following the model by Perez et al.
(PDB ID: 5C73%52), The long acyl chain of the LLO attaches to extracytoplasmic helices unique to PglK and transport is
proposed to be mediated solely through outward-facing conformations. LLO polar regions are shielded from the lipid bilayer
by the transporter cavity, while the acyl chain never leaves the hydrophobic environment. TMDs — Transmembrane domains.
NBDs — Nucleotide binding domains.
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Recently, another mechanism was proposed based on the first structures of the multidrug ABC
transporter BmrA (E/Q mutant) with substrate and ATP-Mg?* in an outward facing conformation,
termed the “swinging” mechanism®® (Figure 7B). This mechanism is distinct from the classic
mechanism where the transporter undergoes a deterministic set of conformations within the
transport cycle and finally comes back to its initial state. The proposed “swinging” between states
is further supported by hydrogen /deuterium (H/D) exchange and molecular dynamics simulations®.
For BmrA, it has been proposed that both the inward and the outward facing conformations are very
dynamic and that this is crucial for the substrate binding site to adapt to different types of
substrates®®. ATP binding leads to the occluded conformation and at the same time to dynamic
movements within an outer part of the TMDs, which may enable polyspecificity for multidrug type |
ABC exporters (type IV fold). After substrate release, prompt closing of the substrate binding pocket
occurs due to its hydrophobicity and dynamics. The transporter then swings back to an occluded
conformation, independently of ATP hydrolysis. ATP hydrolysis may occur after releasing the
substrate, leading to the inward open conformation®3. The transporter is how ready for another
swing. Due to the interplay of transporter intra-dynamics and the substrate binding pocket
hydrophobicity, specific defined conformations (steps) within the transport seem to be lacking. Such
a mechanism would support the notion that next to the substrate nucleotide binding is required to
enable substrate release.

Another possible transport mechanism is the “outward open only” mechanism, which was derived
from the proposed whipping mechanism of the lipid-linked oligosaccharide (LLO) ABC transporter
PglK?*?52 (Figure 7D). The floppase PglK seems to have developed an intriguing solution how to move
long-chain lipid molecules from one side of the membrane to the other by both binding to and
translocating the substrate in an outward facing conformation. Crystal structures in two inward open
and one ADP bound outward occluded conformation were obtained®?. As occlusion of the inward
open cavity did not affect transport, Perez et al. proposed that only the outward facing states are
able to conduct substrate transport. Within the structure of PglK, short external a-helices (EH) at the
TMDs and a close hydrophobic groove may be crucial parameters for this type of mechanism. It was
proposed that only long-chain LLOs are transported as they are large enough to reach the EH and the
hydrophobic groove. In the outward open only mechanism, the polyprenyl tail of LLO interacts with
the surface of PglK, and possibly the EH and the hydrophobic region. The pyrophosphate moiety of
LLO in the presence of ATP then moves into the outward facing cavity. As ATP is hydrolyzed and the
NBDs and successively the TMDs change their conformations, the pyrophosphate group is “squeezed”
out of the transporter, released and the hydrophobic tail diffuses off or follows as the polar groups
of the LLO are grabbed by subsequent acceptor proteins. Throughout this process, it is suggested that
the polyprenyl tail remains outside of the transporter exposed to the lipid bilayer. ATP hydrolysis
hence seems to trigger the release of the bound substrate.

Before the proposed “outward open” mechanism, the ADP-bound state had been underappreciated
in biophysical studies of ABC transporters, although it is an important transition state within the
ATPase catalytic cycle. These ADP bound transition state is generally believed to be either an inward
open state with regard to the TMDs. Upon release of P; the increase in negative charges at the surface
between the NBD interface would move the NBDs apart from each other!®. Despite this negligence
of taking the ADP-bound state into account, it is not inconceivable that for some ABC transporters
the ADP-bound state could also be an essential part of the substrate translocation cycle, e.g. used to
block re-binding of the just released substrate by maintaining the transporter in an outward open
state. Indeed, data using EPR spectroscopy have found an ADP-bound outward open state for the
ABC exporter LmrA2>*, Furthermore, cryoEM structures of MsbA showed a small increase in the
outward open conformation upon addition of ADP?*. The importance of the ADP-bound state within
the transport mechanism could hold true regardless of the specific mode of action for substrate
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translocation. It might be further relevant if ADP alone, ADP with P; or ADP with P; and Mg** is present
in the NBDs during the substrate transport mechanism.

3.5. Biophysical methods used to study type | ABC exporter (type IV fold) dynamics

How many conformations or energetic states ABC transporters populate during their mechanistic
cycle remains unclear. ABC transporters are dynamic rather than static membrane proteins. With
structural techniques such as X-ray and cryo-EM snapshots of multiple states can be caught
(Appendix table 3), which leads to important yet somewhat limited information about the dynamics,
transition rates and the order of the conformations within the transport cycle. Conformations of ABC
transporters with enhanced dynamics, e.g. during NBD closure or opening and events such as
substrate release, ATP hydrolysis or phosphate release, are even more difficult to characterize, as
they are intrinsically more dynamic?°.

To elucidate dynamics of ABC transporters, spectroscopic techniques have been applied (see below).
The following section focuses on insights in dynamics obtained with these techniques for the
homodimeric type | ABC exporters (type IV fold), LmrA, MsbA and BmrA, as these proteins were often
chosen as first candidates to elucidate structural and dynamic details of type | ABC exporters (type IV
fold) and are the focus of this thesis. In their catalytic transport cycles, transitions between an inward-
facing (IF, dissociated NBDs) to an outward-facing (OF, dimeric close NBDs) state occur but the nature
and magnitude of the underlying motions are controversial. Specifically, questions focus for instance
on the separation between the two NBDs during the cycle, the extend of opening in the
transmembrane domains, the nature of transmembrane helix motion mediating substrate
translocation and different conformations of the ABC transporter subdomains.

EPR (Electron paramagnetic resonance) spectroscopy

Pulsed EPR spectroscopic techniques, as DEER (Double electron-electron resonance) also named
PELDOR (Pulsed electron-electron double resonance) can be used to capture conformations in a local
environment with the protein trapped at cryogenic temperatures. For EPR a site-directed spin label
is attached over a cysteine to the protein. It is a complementary method to confirm structural
information. It can provide information on dynamics of type | ABC exporters, not only in detergent
but also in lipid as in nanodiscs or liposomes and even in its native environment by nanobody-assisted
in situ EPR?®,

The lipid floppase MsbA from E. coli has emerged as a popular model system for EPR studies to
identify dynamics within type | ABC exporters (type IV fold)?!3%57-264 Early studies probed local
structures as the Walker A motif region?8, the ABC signature motif and the H-loop motif?®°, The study
of the Walker A motif region identified an unstructured and a a-helical region in the Walker A motif
region?®, which fits nicely to the secondary structure observed in crystal structures of MsbA®. In
this EPR study of MsbA, the pre-, intermediate and post-hydrolysis states were analyzed, revealing
two motional components of MsbA in the EPR spectra (i.e. one mobile and one immobilized
component)®%. ATP binding (pre-hydrolysis) shifted motional conformations to a more immobile
conformation within the Walker A motif residues of MsbA (5378-1385). The induction of a transition
state immediately following hydrolysis, i.e. with MgADP V; and MgADP, suggest that Walker A motif
residues (S378-1385) of MsbA undergo further conformational changes upon hydrolysis of ATP.
However, the overall secondary structure of the Walker A motif region analyzed in Buchaklian et al.
remained intact during ATP binding and hydrolysis, although considerable changes in dynamics
occurred®®, A follow up study of Buchaklian and Klug determined structure and dynamics of the ABC
sighature motif (LSGGQ) and the H-loop with the same EPR approach?®. In this study they identify
the ABC signature motif region to be a-helical, facilitating tertiary contacts during ATP-hydrolysis. The
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same pre-, intermediate and post-hydrolysis states were recorded as mentioned above for the
Walker A motif residues®® to determine changes during ATP binding and hydrolysis for the ABC
signature motif (481-LSGGQ-485) and the H-loop region (540-STI-542) of MsbA. Again, two motional
components were identified for residues in these regions. The intermediate state yield to a shift to a
more immobilized motional state for all mutations studied in the ABC signature motif, whereas no
influence was seen in the presence of only ATP (with one exception S482C). H-loop motif residues
also showed no change upon ATP binding and large changes upon vanadate trapping. In conclusion,
the studies of Klug?®2%° showed that amino acid residues can be influenced very differently during
ATP-hydrolysis even if they are in proximity to each other.

Complementary structural and dynamic EPR analysis suggest that ATP binding reorients MsbA from
an inward- to outward facing conformation in detergent and lipid environment?® (Appendix table 3).
Interestingly, reduced dynamics of the backbone on MsbA was reported in the cytoplasmic (i.e. in the
NBDs) spin-labeled sides, whereas in contrast the extracellular (i.e. in the TMDs) spin-labeled sides
were shown to be more dynamic. Furthermore, this study showed opposite movements at the two
sides of the transporter as a result of the transition from the apo state to a high-energy post-
hydrolysis intermediate (ADP-V;) state?®3. Another finding in the study of Zou et al. was that MsbA
reconstituted into liposome compared to detergent showed that the apo state dynamics are more
restricted in a lipid environment in the NBD (labeling position at T561) and the intracellular helical
(TMD) sides?®3. The amplitude of the movement from the TMD and the NBD spin label positions is
consistent with expectations based on the static crystal structures of MsbA, suggesting the AMPPNP-
bound structure captures the main structural features of the ADP-V; intermediate. An EPR study on
LmrA also revealed a highly dynamic apo state where the protein occupies a large conformational
space. This conformational space was significantly reduced upon nucleotide binding*. Another EPR
experiment of BmrA analyzing the apo state concluded a possible interaction within the NBD between
a glutamine (Q407) and a tyrosine residue (Y408)%%°. Residue Y408 is found C-terminal of the only
tryptophane residue within the NBD of BmrA, assumed to be involved in NBD-TMD communication.
Q407 is located in the loop, linking the NBD and TMD. EPR data showed a high flexibility within this
linking loop region?®. Another study on BmrA used manganese as replacement for the ATP hydrolysis
cofactor magnesium for structural and dynamic analysis to combine solid-state NMR with EPR
spectroscopy?®. The manganese ion has the advantage of being a reporter in both EPR and solid-
state NMR experiments. Exploiting of paramagnetic relaxation enhancements (PRE) helped within
this study to identify residues within or in the vicinity of the cofactor magnesium, with manganese as
reporter®’. As a result, some alanine residues (A371, A505, A534, A488 and A218) located within a
sphere of 1.5 nm from the metal center could be identified. In the experiments the BmrA MgADP-V;
trapped and BmrA MnADP-Vi trapped state, with VO4,*> mimicking the y-phosphate of ATP were used.
This state mimicks a transition state within the catalytic cycle of ABC transporters, with occupied
nucleotide binding sites. Furthermore, DEER experiments could be performed to obtain Mn*-Mn?%
distance distributions for the BmrA MgADP-V;trapped state, yielding to a maximum in the distance
distribution of 1.9 nm. This value was shown to be in a good agreement with the Mn%*-Mn?* distance
in a homology model of BmrA MnADP-V; with the NBDs closed (1.8 nhm)?®. In conclusion in this study
for BmrA it was possible to exchange Mg?* with Mn?*, extract Mn?*-Mn?* distances and to determine
residues in the surrounding of Mn?*,
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LRET (Luminescence resonance energy transfer) spectroscopy

Conformational changes of ABC transporters, including MsbA were also followed by LRET
experiments. Luminescence resonance energy transfer (LRET) is a spectroscopic technique that
allows for measurements of distance changes between a donor and an acceptor attached to a protein
while they are functional (i.e. ATPase active)?®®. Studies of MsbA in detergent and under more
physiologic conditions i.e. in liposomes or nanodiscs were performed during ATP hydrolysis?%-27°, The
optical probes attached to single-cystein mutants in MsbA were placed in the NBDs to follow NBD
dissociation and association by measuring interdomain distances. Interestingly, major differences
between data of EPR, crystal structures and LRET in the IF conformation of MsbA in detergent micelles
could be determined in comparison to the LRET data of MsbA reconstituted in nanodiscs. The authors
of the LRET studies claim that they performed the structural/functional analysis of membrane
proteins under more native-like conditions that include insertion into a lipid bilayer and “normal”
temperature (i.e. 37 °C). Strikingly, reconstitution of MsbA into lipid bilayer yielded conformations
with a small separation between NBDs and additionally a large number of molecules that showed
conformations with associated NBDs even in the absence of nucleotide?”. This indicates that the
membrane is sufficient to obtain conformations with closely associated NBDs. remain in contact, or
are close to each other, while ATP is hydrolyzed. In detergent micelles, a higher flexibility of MsbA in
the apo state was observed as much longer distances between the labels were sampled compared to
MsbA in nanodiscs. EPR data with the same positions of the labels within the NBD (i.e. at residue
T561) could also confirm that distances between the NBDs are smaller in a lipid environment (i.e.
liposomes) than in detergent?®%-2%3,

FRET (Fluorescence resonance energy transfer) spectroscopy

Dynamics of ABC transporters were also analyzed by single molecule fluorescence resonance energy
transfer (smFRET) experiments, which were performed on variants of MsbA containing a single
cysteine residue in each homodimer linked to fluorophores by maleimide chemistry?’%. In this study
two individual labeling positions in the NBD (T561C) and the TMD (D277C) were chosen to probe
conformational changes of the NBDs and the TMDs during the catalytic cycle, in three environmental
conditions (i.e. detergent/DDM, liposomes and nanodiscs). The MsbA variant reflecting the NBD side
(cytoplasmic region) revealed three major clusters of conformational states, which were assumed to
correspond to inward-facing (cytoplasmic open), intermediate (cytoplasmic-semi-closed) and
outward-facing (cytoplasmic-closed) conformations. Read-out from the TMD labeling position
showed two such clusters in the periplasmic region, corresponding also to an inward-facing
(periplasmic closed; in the apo state, in the presence of ADP or ADP-V;) and an outward-facing state.
This single-molecule FRET study showed that the range of MsbA conformations is constrained in
nanodiscs (i.e. NBDs remain close to each other) compared with that measured in detergents and
liposomes during the catalytic cycle?’. Compared to lipid nanodiscs less conformational restrictions
in detergent micelles and liposomes were obtained for MsbA. This finding indicated a higher flexibility
of MsbA in liposomes and detergent micelles. For example, a wide-open conformation of the NBDs
in the apo state was more often present in lipsosomes and detergents than in nanodiscs. Hence, this
state seems to be less populated in nanodiscs, which is in agreement with findings of MsbA from EPR
and LRET studies using the same labeling position T561 in the NBD%**%7°, Furthermore, more
restricted conformations with closer NBDs in nanodiscs were also observed. Interestingly, this
observation is also in line with a single-particle cryo-EM structure of MsbA in nanodiscs, where the
transporter adopts also an inward-facing conformation with closer NBDs®'. The study also indicated
that the TMD region of MsbA is less dynamic during the catalytic cycle than NBDs, especially in
liposomes and nanodiscs.
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Another FRET study was performed earlier on BmrA where cysteine residues for FRET donor or
acceptor labeling were introduced in the Walker A (T370C) and the ABC signature motif (G473C), as
these regions transiently form the shared NBS across the NBD interface during ATP hydrolysis?’2.
Somewhat surprisingly when taking the swapped domain architecture into account, this study
showed that BmrA occurs as a dimer which might be partly monomeric within detergent, which
seems to be recovered when reconstituted into inside-out-vesicles. Another conclusion was that the
NBDs of most BmrA dimers adopt a closed conformation in the apo state. However, these results
need to be taken with a grain of salt, as the introduced cysteine mutations (T370C and G473C) showed
an influence on the function of BmrA. Unfortunately, labeling of these positions yield to an abolished
ATPase and transport activity, which complicates interpretation of the data. Thus, another mutation
(5428C) was introduced. Although mutagenesis and labeling at this position also diminishes ATPase
activity (albeit less then the prior mutations), the FRET results obtained with this labeling position
seem to overall support the authors conclusions?’2.

NMR (Nuclear magnetic resonance) spectroscopy

Solution and ssNMR have the advantage to investigate proteins in their near native environments
and physiological temperatures. Solid-state NMR (ssNMR) can be used to obtain site-resolved
information about structural and dynamic features of reconstituted ABC transporters in different
states (open, closed, ligand-bound). Studies on the homodimeric ca. 130 kDa ABC transporters LmrA,
MsbA and BmrA demonstrate the feasibility of analyzing the different states of the type | ABC
exporters (type IV fold) by ssNMR?"3-276, LmrA was the first ABC transporter studied by solid-state
NMR upon successful selective isotope labeling with 33C-glycine in L. lactis?”. A follow up study?”’,
used this selective labeling approach with alanine (L-[B-2Hs]-alanine) for deuterium ssNMR to probe
the dynamics of reconstituted LmrA in the apo, in a pre- (with AMPPNP) and in a post-hydrolysis (with
ADP-V;) state. Here the authors concluded that the NBDs tumble faster compared to the TMDs
(including coupling helix 1 and coupling helix 2), emphasizing that the NBDs are very mobile in the
apo state. This mobility of the NBD became restricted in the pre-hydrolytic state whereas the post-
hydrolysis state resembled the apo state in term of its motions?”’. In 2008, a mutant of LmrA, having
alow ATPase turnover rate was used to follow ATP hydrolysis by 3!P real-time solid-state NMR®*, This
study allowed to follow the course of the different phosphorylated compounds during an ATP
hydrolysis reaction. All three phosphate atoms of ATP (i.e. a-ATP, B-ATP and y-ATP), two phosphate
atoms of ADP (i.e. a-ADP and B-ADP) and free P;could be monitored'®*. This study was the basis for
later 3P real-time solid-state NMR studies performed on LmrA, MsbA and the heterodimeric type |
ABC exporter TmrAB, which showed an unexpected coupling between ATPase and adenylate kinase
activity by these proteins?’®. This study also demonstrated that measuring the ligand can provide
important mechanistic insights in the catalytic cycle of type | ABC exporters. A solid-state NMR study
on MsbA proposed an additional site for nucleotide binding close to the Q-loop (Q424) in between
the known canonical sites?’®. To probe the additional nucleotide binding side, complementary EPR
spectroscopy and MD simulations were carried out. Selective isotope labeling of two unique pairs in
the Q-loop and the H-loop of MsbA provided further evidence that an additional nucleotide binding
site may exist close to the Q-loop and the H-loop?’8. Using a combination of liquid-state NMR on the
NBD of LmrA and solid-state NMR on selectively labeled full-length LmrA (**N-lysine and °N-
tryptophane) showed the possibility to study differences in dynamics upon nucleotide binding on a
global and local level (i.e. for specific residues)?”>?°. It was concluded that the conserved lysine
residue of the Walker A and a tryptophane residue C-terminal of the Walker A helix are affected by
nucleotide addition?”®. Furthermore, solid-state NMR experiments of isotope labeled MsbA identified
lipid A in complex with MsbA, providing the opportunity to study consequences of lipid- and
nucleotide binding in a type | ABC exporter (type IV fold)®°. Another solid-state NMR study of MsbA

28



CHAPTER I:
INTRODUCTION

reconstituted into liposomes used a unique pair labeling approach to study the effect of nucleotide
(i.e. trapped with ADP-V;, post-hydrolysis state) and substrate binding on specific sites in the
transmembrane helices 4 and 628!, which have been reported to be involved in transmission of
conformational changes upon nucleotide binding (TM helix 4?82) and substrate binding (TM helix 61*°).
In the solid-state NMR study, both positions in TM helix 4 and TM helix 6 showed a larger
conformational space in the apo state compared to the nucleotide trapped post-hydrolytic state.
Furthermore, two different substrates of MsbA (Hoechst 33342 and daunorubicin) were shown to
influence TM helix 4 and TM helix 6 differently. The unique labeled pair of TM helix 6 was affected by
both substrates, whereas the unique pair label of TM helix 4 only by one substrate?!. These findings
fit to the assumption of a large drug binding pocket with distinct, yet overlapping binding sites for
different substrates within multidrug ABC transporters. Solid-state NMR was further applied to
investigate how NBDs and TMDs are structurally coupled. In BmrA the X-loop, a motif unique for type
| ABC exporters (type IV fold), was identified as an important interdomain communication motif!s2, A
recent solid-state NMR study identified an incomplete switch to the outward-facing conformation in
presence of MgATP and Vi in an X-loop mutant (E474R) which might be the cause for the observed
defect in transport activity and hence be important for NBD-TMD communication?&?,

Conclusively, many NMR spectroscopy studies have shown that ATP-binding triggers an overall
rigidification of the homodimeric type | ABC exporters (type IV fold) LmrA27>277, MsbA2! and BmrA®?,

Hydrogen/Deuterium exchange (HDX) coupled to mass spectrometry (MS)

The HDX method is routinely used to study the dynamics of soluble proteins and is beginning to
emerge as a tool to observe conformational changes in membrane proteins. The technique is not
sensitive enough to show high-resolution alterations such as specific side chains that can be seen in
crystal structures but robust enough to show local alterations in intra- and extracellular regions of
the transporter with respect to binding of ligands, lipids and nucleotides?3.

HDX experiments were performed on BmrA in the two states with (outward-facing conformation)
and without ATP (apo state, inward-facing conformation), which showed an unexpected flexibility of
the NBDs in the apo state?®, Further, it revealed flexibility of the coupling helices, connecting the
TMDs to the NBDs, in BmrA depending on the conformation of the transporter.
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4. AIM OF THE THESIS

The protein superfamily of ABC transporters present in all phyla of life has been studied extensively,
but despite the large knowledge on function, transported compounds and residues involved, several
fundamental questions remain at the molecular level. E.g. how are ATP-binding and hydrolysis
coupled to substrate transport? What is the underlying mechanism during ATP hydrolysis when ATP-
binding, ADP-binding or ADP release, phosphate release occurs within the catalytic cycle? Local
events such as ATP binding and hydrolysis at the NBDs are required for the energization of substrate
transport across the membrane, which occurs remotely in the TMDs. A fundamental understanding
of local conformational changes and their contribution to large-scale conformational transitions in an
ABC transporter are crucial as the proteins are not static but rather are highly dynamic in their
conformational states. This thesis aims to shed light on the intradomain events that occur upon
nucleotide binding in the motor domain, the NBD. The NBD was chosen as it is highly conserved and
builds the common structural feature (monophyletic ATPase), which drives the translocation, in the
versatile folds of the membrane domains.

Here, nuclear magnetic resonance (NMR) spectroscopy and photoinduced electron transfer-
fluorescence correlation spectroscopy (PET-FCS) were combined to provide insights into
intramolecular crosstalk and dynamic consequences, e.g. upon nucleotide addition across different
time scales. Since studying such intradomain effects within the NBD is not trivial in the context of a
full-length transporter, a “divide and conquer” approach, where the NBDs of LmrA from L. lactis,
MsbA from E. coli and BmrA from B. subtilis are expressed without the TMDs, was used for many
experiments. Working with the selected conserved NBDs can lead to the identification of basic
allosteric intradomain NBD effects, in terms of dynamics and structural interacting areas, but also
reveal type | ABC exporter specific allosteric effects within the NBD. The experiments on the NBDs
were then complemented with functional assays with the full-length transporters focusing on BmrA.

NMR data evaluation confirmed that conserved motifs (i.e. H-, D- and Q-loop motifs) are involved in
intradomain events upon nucleotide binding. Possible functions of the D-, Q- and H-loop motifs in
intradomain signaling were then investigated by mutation and again studied in detail with NMR
spectroscopy. A special focus was put on the D-loop function and further analyzed within functional
assays. In addition, a potential novel NBD intradomain signaling pathway identified with the NMR
experiments was investigated. Eventually, this thesis provided a foundation for understanding
intradomain dynamics and energy transduction in the NBD of ABC transporters, which is essential for
understanding the operation of the catalytic mechanism and hence substrate transport across the
membrane.
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CHAPTER II;
MATERIAL AND METHODS
1. CHEMICALS

Unless stated otherwise, chemicals were purchased from Carl Roth GmbH & Co KG, Karlsruhe.

Table 5: Chemicals from other suppliers than Carl Roth GmbH & Co KG, Karlsruhe

Chemical

Supplier

L-Ascorbic acid

Sigma-Aldrich Co.- LLC, Taufkirchen

Benzamidine hydrochloride

Sigma-Aldrich Co.- LLC, Taufkirchen

BioBeads SM-2

BioRad, Hercules, USA

3-bromo-1,1,1-trifluoroacetone (BTFA)

Sigma-Aldrich Co.- LLC, Taufkirchen

cOmplete™ Protease Inhibitor Cocktail

Roche Diagnostics International AG,
Rotkreuz, CHE

Dithiothreitol

Sigma-Aldrich Co.- LLC, Taufkirchen

n-Dodecyl B-D-maltoside (DDM)

Sigma-Aldrich Co.- LLC, Taufkirchen

Doxorubicin (hydrochloride)

Cayman Chemical Co., Ann Arbor, USA

E. coli Total lipid extract

Avanti Polar Lipids, Inc., Birmingham USA

Ethidium bromide 99.9%

AppliChem, Darmstadt

4-(2-hydroxyethyl)-1-pperazineethanesulfonic acid (HEPES)

Sigma-Aldrich Co.- LLC, Taufkirchen

Lauryl maltose neopentyl glycol (LMNG)

Anatrace, Maumee, USA

Nickel nitrilotriacetic acid (Ni2*-NTA) agarose

QIAGEN Monheim GmbH & Co.
Monheim

KG,

Phosphoenolpyruvate (PEP)

Sigma-Aldrich Co.- LLC, Taufkirchen

Precision Plus ProteinTM Dual Color Standards

BioRad, Hercules, USA

SIGMAFAST™ Protease Inhibitor Cocktail tablet, EDTA free

Sigma-Aldrich Co.- LLC, Taufkirchen

Table 6: Chemicals used for isotope labeling of proteins for NMR studies

Chemicals for NMR
labeling

Supplier

L-amino acids (labeled)

Proline,
19F 5-Fluorotryptophane

o-15N Lysine,’>N Phenylalanine, >N Valine, >N
Isoleucine, 1N Leucine, 15N Tyrosine, 1N Glycine,
15N Serine, ®N Tryptophane, >N Arginine, 13C

Cambridge Isotope Laboratories, Inc.

(Eurisotop)

Sigma-Aldrich Co.- LLC

15N ammonium chloride

Cambridge Isotope Laboratories, Inc.
(Eurisotop) or CIL Inc., Tewksbury, USA

19F 5-Fluoro-DL-tryptophane

Acros Organics B.V.B.A.
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2. BACTERIAL STRAINS, CLONING AND PLASMIDS FOR HETEROLOGOUS EXPRESSION IN E. COLI

2.1. Bacterial Strains

Table 7: List of E. coli strains used for protein expression and cloning

Bacterial

Strain Description Supplier

BL21-Gold B F-ompT hsdS(rB-mB-) dcm+Tetr gal A(DE3) endA The Agilent Technologies (Santa Clara,

(DE3) USA); BL21-Gold(DE3) Competent Cells

C41(DE3) F —ompT hsdSB (rB- mB-) gal dcm (DE3)285 Sigma-Aldrich Co. LLC (Taufkirchen);
OverExpressTM C41(DE3) Competent
Cells

DH5a F- @80/acZAM15 A(lacZYA-argF) U169 recA 1 endAl hsdR17(rc, Thermo Fisher Scientific (Invitrogen/

mg*) phoA supE44 thi-1 gyrA96 relAl y- Waltham, USA); DH5 o Competent cells
2.2, Cloning

Oligonucleotides/ Primers for the mutagenesis of LmrA, MsbA and BmrA were designed by Dania
Rose-Sperling (DRS) and purchased by Sigma-Aldrich Co.- LLC (Taufkirchen) unless stated otherwise.
Primer numbers are based on the nomenclature of the ||l group.

Table 8: Oligonucleotides/ Primers used for Quik Change mutagenesis in LmrA

Primer Mutation Sequence (5°-3")

number

P75 LmrA-NBD A518D (p103) For CGAGCCTGGATAGCGAGAGCGAAAGCATGGTTC
P76 LmrA-NBD A518D (p103) Rev CTTTCGCTCTCGCTATCCAGGCTCGCGGTC

P117 LmrA-NBD SALD (p103) For CTGGATGAGGCGACCAGCGCGCTGGATAGCGAGAGC
P118 LmrA-NBD SALD (p103) Rev CCATGCTTTCGCTCTCGCTATCCAGCGCGCTGGTCGCC
P1051 LmrA-NBD SSLD (p103) For GATGAGGCGACCAGCAGCCTGGATAGCGAGAG
P1052 LmrA-NBD SSLD (p103) Rev GCTTTCGCTCTCGCTATCCAGGCTGCTGGTCGCC
P305 LmrA-NBD W421F (p071) For GATTCCGTCTCTCTGGAAAACTTTCGTAGCCAG
P306 LmrA-NBD W421F (p071) Rev GAAGCCAATCTGGCTACGAAAGTTTTCCAG

P307 LmrA-NBD W421A (p071) For GATTCCGTCTCTCTGGAAAACGCGCGTAGCCAG
P308 LmrA-NBD W421A (p071) Rev GAAGCCAATCTGGCTACGCGCGTTTTCCAG

P309 LmrA-NBD W457F (p071) For CTTTACCGACGAAGATCTGTTTCAGGTCCTG
P310 LmrA-NBD W457F (p071) Rev GCCAGGTCCAGGACCTGAAACAGATCTTC

P311 LmrA-NBD R397A (p071) For CATCTTCTCTCTGCTGGAAGCGTTCTATCAGC
P312 LmrA-NBD R397A (p071) Rev CTGCAGTCGGCTGATAGAACGCTTCCAGC

P301 LmrA-NBD S467C (p071) For CTGGACCTGGCATTTGCGCGTTGTTTCGTGG
P302 LmrA-NBD S467C (p071) Rev CCGGCATGTTCTCCACGAAACAACGCGCAAATG
P502 LmrA-NBD M524W (p071) For GACAGCGAATCCGAATCTTGGGTACAGCG

P503 LmrA-NBD M524W (p071) Rev CAGCGCGCGCTGTACCCAAGATTCGG

P688 LmrA-NBD E512Q (p071) For CCTGATGCTCGACCAGGCAACCGC

P689 LmrA-NBD E512Q (p071) Rev CCAGAGAAGCGGTTGCCTGGTCGAG
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Table 9: Primers for cloning of MsbA from E. coli BL21-Gold (DE3) into the pET11a vector via Gibson assembly

Primer Description Sequence (5°-3")
number
P15 pET1la_For Primer to amplify pET11a for TAAGGATCCGGCTGCTAAC

gibson assembly

P265  pET1la_His-
TEV_Rev

Primer to amplify pET1la
with N-terminal Hise-tag and
TEV cleavage site for Gibson
assembly

GGAGCCTTGGAAGTACAGGTTTTC

P362 MsbA full-length

Primer to amplify full-length

GTACTTCCAAGGCTCCcataacgacaaagatctctctacgtgg

HisTEV For MsbA from E. coli BL21-Gold
(DE3) for Gibson assembly
P363 MsbA NBD Primer to amplify MsbA-NBD GTACTTCCAAGGCTCCgacagtgagcaggagaaagatgaag
HisTEV For from E. coli BL21-Gold (DE3)

for Gibson assembly

P365 MsbA Rev

Primer to amplify MsbA-NBD
and full-length MsbA from E.
coli BL21-Gold (DE3) for
Gibson assembly

GCAGCCGGATCCTTAttggccaaactgcattttgtgaag

Table 10: Oligonucleotides/ Primers used for Quik Change mutagenesis in MsbA (Primers used on plasmids p236 and

p250, Table 12)

Primer Mutation
number

Sequence (5-3")

P574 MsbA-TMD C88S For GCTATGTCTCCAGCTACTCTATCTCC

P575 MsbA-TMD C88S Rev CTGATACCCAGGAGATAGAGTAGCTG

P576 MsbA-TMD C315S For GCGGTATGGCGGCTTCTCAGAC

P577 MsbA-TMD C315S Rev GGTAAACAGCGTCTGAGAAGCCG

P578 MsbA-NBD D512A For CTACCTCGGCTCTGGCGACCGAATC

P579 MsbA-NBD D512A Rev GCACGTTCGGATTCGGTCGCCAGAG

P584 MsbA-NBD E506Q For CTGATTCTGGACCAGGCTACCTCGG

P585 MsbA-NBD E506Q Rev GCCGAGGTAGCCTGGTCCAGAATC

P635 MsbA-NBD D461C For GGCCTACGCCATGTGCTTCATCAATAAGATGG
P636 MsbA-NBD D461C Rev CCGTTATCCATCTTATTGATGAAGCACATGGCG
P637 MsbA-NBD A518W For GATACCGAATCCGAACGTTGGATTCAGGCGGCAC
P638 MsbA-NBD A518W Rev CCAGTGCCGCCTGAATCCAACGTTCGGATTCG

Table 11: Oligonucleotides/Primers used for Quik Change mutagenesis in BmrA (Primers used on plasmids p339, p340

and p427, Table 12)

Primer Mutation
number

Sequence (5°-3")

P700 BmrA-NBD W413F GATACCTACAGCCTGGAGAGCTTTCGTGAACAC
(p339, p340) For

P701 BmrA-NBD W413F CATAACCAATGTGTTCACGAAAGCTCTCCAGGCTG
(p339, p340) Rev

P704 BmrA-NBD R389A ( CTGTTCAAACTGCTGGAGGCGTTTTATAGCCCGAC
p339, p340) For

P705 BmrA-NBD R389A GCGGTCGGGCTATAAAACGCCTCCAGCAG
(p339, p340) Rev

P640 BmrA-NBD N459C CGGAGATGGCGTATGCGCTGTGCTTCATTAAAG
(p339, p340) For

P641 BmrA-NBD N459C GTTCGGCAGTTCTTTAATGAAGCACAGCGCATAC
(p339, p340) Rev

P642 BmrA-NBD S516W CTGGATAGCCAGAGCGAAAAGTGGGTTCAGCAAG
(p339, p340) For

P643 BmrA-NBD S516W CTTCCAGCGCTTGCTGAACCCACTTTTCGCTC
(p339, p340) Rev

P720 BmrA-NBD R389A (p427) For CGCTGTTTAAGCTGCTTGAAGCGTTTTATTCTCCG
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P721 BmrA-NBD R389A (p427) Rev CTGCAGTCGGAGAATAAAACGCTTCAAGCAGC
P966 BmrA-NBD R389K (p427) For CGCTGTTTAAGCTGCTTGAAAAATTTTATTCTCCG
P967 BmrA-NBD R389K (p427) Rev CTGCAGTCGGAGAATAAAATTTTTCAAGCAGC
P968 BmrA-NBD R389E (p427) For CGCTGTTTAAGCTGCTTGAAGAATTTTATTCTCCG
P969 BmrA-NBD R389E (p427) Rev CTGCAGTCGGAGAATAAAATTCTTCAAGCAGC
P970 BmrA-NBD R389M (p427) For CGCTGTTTAAGCTGCTTGAAATGTTTTATTCTCCG
P971 BmrA-NBD R389M (p427) Rev CTGCAGTCGGAGAATAAAACATTTCAAGCAGC
P972 BmrA-NBD K380A (p427) For GCGGCGGGGGAGCGACGACGCTGTTTAAG
P973 BmrA-NBD K380A (p427) Rev CTTAAACAGCGTCGTCGCTCCCCCGCCG

P767 BmrA-NBD D510A (p427) For GCTACCTCAAGTCTCGCGAGCCAATCTG

P768 BmrA-NBD D510A (p427) Rev GATTTTTCAGATTGGCTCGCGAGACTTGAGG
P716 BmrA-NBD ASLD (p427) For CTTATGCTCGATGAAGCTACGCGAAGTCTCGAC
P717 BmrA-NBD ASLD (p427) Rev GATTGGCTGTCGAGACTTCGCGTAGCTTC

P718 BmrA-NBD SALD (p427) For CGATGAAGCTACCTCAGCGCTCGACAGCC

P719 BmrA-NBD SALD (p427) Rev CAGATTGGCTGTCGAGCGCTGAGGTAGC

P791 BmrA-NBD N459C (p427) For CGGAGATGGCATATGCGCTCTGCTTTTATAAAGG
P792 BmrA-NBD N459C (p427) Rev GATTCGGCAGCTCCTTTATAAAGCAGAGCGCATAT

P793 BmrA-NBD S516W (p427) For
P794 BmrA-NBD S516W (p427) Rev

CGACAGCCAATCTGAAAAATGGGTTCAGCAGG
CTCCAGCGCCTGCTGAACCCATTTTTCAG

2.2.1. Polymerase chain reaction (PCR)

Amplification and mutagenesis of DNA fragments were done using the Kapa HiFi HotStart PCR Kit
(Kapa Biosystems, Willington) in a Gradient Biometra®PCR machine (analytic Jena GmbH, Jena). The
basic PCR protocol is shown in Table 12. The annealing temperature was dependent on the used
primers. In general, the annealing temperature was set 2-3°C below the melting temperature of the
primers. PCR products were digested with Dpnl (NEB, Ipswich) for 1 h at 37°C. Dpnl recognizes
methylated PCR DNA templates. Afterwards, a PCR clean up with the GenepHlow Gel/PCR Kit was
performed and DNA eluted in 30 pL of elution buffer or ddH,0.

Table 12: Kapa HiFi HotStart PCR reaction conditions and Dpnl digestion mix composition

PCR step T[°C] Time Dpnl digestion reaction mixture
Component Volume [50uL]
Pre heating 95 3 min PCR reaction 23 pL
mixture
Denaturation 98 20s Dpnl 1l
Annealing Depend on 15s 10x Cut Smart 5pulL
primers buffer
Elongation 72 6 min 30 s/ 7 min* ddH,0 21 L

Final elongation 72 7 min/ 7 min 30 s*
* shorter time for NBD constructs and longer time for full-length constructs

2,22, Gibson Assembly

Plasmids encoding the MsbA transporter (p236 and p250) were cloned via Gibson assembly®. For
this purpose, the MsbA gene fragment was cloned from E. coli BL21-Gold (DE3) cells and inserted into
pET11a. In 2.2 Cloning a list (Table 9) of the used primers is shown. DNA fragments (MsbA-NBD WT
and full-length MsbA WT) and linearized recipient pET11a plasmid were generated using PCR.
Subsequently, the amplified PCR products were digested with Dpnl and purified with GenepHlow
Gel/PCR Kit. 50 ng (in 5 pL) of the amplified linearized recipient pET11a plasmid and the amplified
MsbA fragments were incubated with 15 plL preheated (50°C) assembly master mix (Table 13). This
mix was incubated for 1 h at 50°C and afterwards transformed into E. coli DH5a cells.
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Table 13: Composition of the isothermal ligation reaction mix for Gibson assembly

Recipe for 5x Isothermal Reaction Mix (6 mL)

Assembly master mix (1.2 mL)

3 mL 1 M Tris-HCI (pH7.5), sterile
300 pL 1 M MgClI2, sterile

600 pl dNTP Mix 10 mM

300 pL 1M DTT (50 mM)

1.5 g PEG-8000

320 pL 5x Isothermal Master Mix

0.64 uL 10 U/ pL T5 exonuclease

20 pL 2 U/ pL Phusion DNA Polymerase
0.16 L 40 U/ uL Taq DNA Ligase

ddH,0 upto 1.2 mL

300 pL 100 mM NAD
ddH,0 up to 6 mL

To check whether the desired constructs and/or mutants were successfully cloned agarose gel and
sequencing (StarSEQ GmbH, Mainz) were used to analyze the quality of the PCR products.

2.2.3. Agarose gel electrophoresis

To separate DNA molecules of various sizes agarose gels of 1-2% (w/c) were prepared with 1x Tris
base -acetate acid-EDTA (TAE) buffer. The sample of interest, mixed with DNA sample buffer (NEB,
Ipswich), was loaded with a ready to use molecular weight marker (1 kb or 100 bp, from NEB, Ipswich)
and run for 1 — 2 h at 80 — 100 V. Visualization of the different DNA plasmids and fragments was
achieved by staining with an ethidium bromide solution for 20-40 min. UV light detection of the
stained gel bands was performed on a quantum gel documentation system (Peqlab, Erlangen).

Table 14: Composition of 10x TAE buffer for agarose gel electrophoresis

10x TAE

0.4 M Tris approx. pH8.3
0.01 M EDTA

2.2.4. Sequencing

After PCR purification of the desired plasmid, the correct insertion was confirmed by DNA sequencing
(StarSEQ GmbH, Mainz). For primers see Table 15. Primers S3 and S4 were used to sequence inserts
in pET11a and pET23a(+) vectors and were sufficient to check all inserts encoding ABC transporter
NBD constructs. For checking the ABC transporter full-length constructs of LmrA, MsbA and BmrA,
primers S29, S30, S47, S49 and S50 were used.

Table 15: Sequencing primers

Primer Name Sequence (5°-3")

number

S3 T7 Promoter TAATACGACTCACTATAGGG

sS4 T7 Terminator GCTAGTTATTGCTCAGCGG

S29 pET11a-HisTEV-MsbA-full CAGGTGACCACCAGCG

S30 pET11a-HisTEV-MsbA-full-2 CACCGATTGTTTCGATTGC

S47 BmrA-full-P427-Seql_For GGTGCCGATTGGACGGAAAATG
S49 BmrA-full-P339-Seql_For CTGCCGGAGATCCGTC

S50 BmrA-full-P339-Seq2_Rev GTTCTCACGAATGGTGCC
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2.3. Plasmids

Plasmids encoding variants of LmrA, Msba and BmrA were obtained commercially or cloned in the
I s oup unless stated differently. Plasmid numbers follow the nomenclature of the ||
group. The plasmids derived from pET11a contain a T7 promoter for the induction of heterologous/
homologous protein expression and an N-terminal Hise-tag sequence to purify the protein, followed
by a TEV cleavage site sequence for Hisg-tag removal during purification. The plasmid pET23a(+)
encoding the B. subtilis ABC transporter BmrA with a C-terminal Hise tag sequence for purification
(p427) was kindly provided by the Lab of Prof. |Jjjij and Dr. |} from Lyon. The plasmid encoding
the MBP-TEV-protease (p081) was a gift by the group of Prof. |l from Frankfurt.

Table 16: Plasmids encoding the L. lactis ABC transporter LmrA or LmrA variants

Plasmid Insert Tag/cleavage site  Vector Resistance Origin

number backbone

p071 LmrA-NBD wt N-terminal Hisg- pET11la Ampicillin  Entelechon
TEV

p429 LmrA-NBD E512Q N-terminal Hise- pET11a, Ampicillin ~ Cloned by Dania Rose-Sperling
TEV based on p071

p073 LmrA-NBD K388A N-terminal Hisg- pET11la Ampicillin  Entelechon
TEV

p074 LmrA-NBD H543A N-terminal Hise- pET11a Ampicillin ~ Entelechon
TEV

p085 LmrA-NBD K486A N-terminal Hise- pET11a Ampicillin  Genscript (Piscataway Township)
TEV

p086 LmrA-NBD D518A N-terminal Hisg- pET11la Ampicillin ~ Genscript (Piscataway Township)
TEV

P087 LmrA-NBD Q430A N-terminal Hise- pET11a Ampicillin  Genscript (Piscataway Township)
TEV

p103 LmrA-NBD wt-opt N-terminal Hisg- pET11a, Ampicillin  Cloned by Dania Rose-Sperling
TEV based on p086

pl123 LmrA-NBD SALD N-terminal Hisg- pET11a, Ampicillin ~ Cloned by Dania Rose-Sperling
TEV based on p103

pl25 LmrA-NBD SSLD N-terminal Hise- pET11a, Ampicillin ~ Cloned by Dania Rose-Sperling
TEV based on p103

pl24 LmrA-NBD W421F N-terminal Hisg- pET11a, Ampicillin ~ Cloned by Dania Rose-Sperling
TEV based on p071

p207* LmrA-NBD W421A N-terminal Hisg- pET11a, Ampicillin ~ Cloned by Dania Rose-Sperling
TEV based on p071

p208 LmrA-NBD W457F N-terminal Hise- pET11a, Ampicillin ~ Cloned by Dania Rose-Sperling
TEV based on p071

p209* LmrA-NBD R397A N-terminal Hisg- pET11a, Ampicillin ~ Cloned by Dania Rose-Sperling
TEV based on p071

p306 LmrA-NBD S467C N-terminal Hise- pET11a, Ampicillin ~ Cloned by Dania Rose-Sperling
TEV based on p071

p353 LmrA-NBD N-terminal Hise- pET11a, Ampicillin ~ Cloned by Dania Rose-Sperling

S467C-M524W TEV based on p071
p430 LmrA-NBD N-terminal Hise- pET11a, Ampicillin ~ Cloned by Dania Rose-Sperling

S467C-M524W-
E512Q

TEV

based on p071

* constructs successfully cloned but not used for further analysis in this work
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Table 17: Plasmids encoding the E. coli ABC transporter MsbA or MsbA variants

Plasmid Insert Tag/cleavage site  Vector Resistance Origin
number backbone
p236 MsbA-NBD N-terminal Hisg- pET11a, Ampicillin Cloned by |/ D:ni=
TEV based on Rose-Sperling from E. coli BL21-
p061 Gold (DE3), I sroup
p344 MsbA-NBD E506Q N-terminal Hise- pET11a, Ampicillin Cloned by Dania Rose-Sperling,
TEV based  on ]
p236
p345 MsbA-NBD D512A N-terminal Hisg- pET11a, Ampicillin Cloned by Dania Rose-Sperling,
TEV based on ]
p236
p397 MsbA-NBD D461C N-terminal Hise- pET11a, Ampicillin Cloned by Dania Rose-Sperling
TEV based on
p236
P398 MsbA-NBD N-terminal Hise- pET11a, Ampicillin Cloned by Dania Rose-Sperling
D461C-A518W TEV based on
p236
p250* MsbA-full-length N-terminal Hisg- pET11a, Ampicillin Cloned by |G/
TEV based on Dania Rose-Sperling from E. coli
p061 BL21-Gold (DE3), I sroup
p354* MsbA-full-length N-terminal Hise- pET11a, Ampicillin Cloned by Dania Rose-Sperling,
C88s TEV based on ]
p250
p355* MsbA-full-length N-terminal Hisg- pET11a, Ampicillin Cloned by Dania Rose-Sperling,
C315S TEV based on [ ]
p250
p378 MsbA-full-length N-terminal Hise- pET11a, Ampicillin Cloned by Dania Rose-Sperling,
C885-C315S TEV based  on ]
p250
p492* MsbA-full-length N-terminal Hise- pET11a, Ampicillin Cloned by Dania Rose-Sperling,
C885-C3155-D461C  TEV based on ]
p250
p493* MsbA-full-length N-terminal Hise- pET11a, Ampicillin Cloned by Dania Rose-Sperling,
C885-C315S- TEV based  on ]
D461C-A518W p250
p490* MsbA-full-length N-terminal Hise- pET11a, Ampicillin Cloned by Dania Rose-Sperling
D461C TEV based on
p250
p491* MsbA-full-length N-terminal Hise- pET11a, Ampicillin Cloned by Dania Rose-Sperling
D461C-A518W TEV based on
p250
p357* MsbA-full-length N-terminal Hise- pET11a, Ampicillin Cloned by Dania Rose-Sperling,
D512A TEV based  on ]
p250
p368* MsbA-full-length N-terminal Hise- pET11a, Ampicillin Cloned by Dania Rose-Sperling,
E506Q TEV based on [ ]
p250

* constructs successfully cloned but not used for further analysis in this work
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Table 18: Plasmids encoding the B. subtilis ABC transporter BmrA or BmrA variants

Plasmid Insert Tag/cleavage site  Vector Resistance Origin
number backbone
p340 BmrA-NBD N-terminal Hisg- pET11la Ampicillin Genscript (Piscataway Township)
TEV
p433* BmrA-NBD W413F N-terminal Hise- pET11a, Ampicillin Cloned by Dania Rose-Sperling
TEV based on
p340
p446* BmrA-NBD R389A N-terminal Hisg- pET11a, Ampicillin Cloned by Dania Rose-Sperling
TEV based on
p340
p404 BmrA-NBD N459C N-terminal Hise- pET11a, Ampicillin Cloned by Dania Rose-Sperling
TEV based on
p340
p426 BmrA-NBD N-terminal Hisg- pET11a, Ampicillin Cloned by Dania Rose-Sperling
N459C-S516W TEV based on
p340
p339 BmrA-full-length N-terminal Hise- pET11a Ampicillin Genscript (Piscataway Township)
TEV
p488* BmrA-full-length N-terminal Hisg- pET11a, Ampicillin Cloned by Dania Rose-Sperling
N459C TEV based on
p339
p489* BmrA-full-length N-terminal Hise- pET11a, Ampicillin Cloned by Dania Rose-Sperling
N459C-S516W TEV based on
p339
p427 BmrA-full-length C-terminal Hisg pET23a(+) Ampicillin B
Lyon CNRS
p440 BmrA-full-length C-terminal Hisg pET23a(+), Ampicillin Cloned by Dania Rose-Sperling
R389A based on
p427
p565 BmrA-full-length C-terminal Hisg pET23a(+), Ampicillin Cloned by Dania Rose-Sperling
R389E based on
p427
p566 BmrA-full-length C-terminal Hisg pET23a(+), Ampicillin Cloned by Dania Rose-Sperling
R389K based on
p427
p567 BmrA-full-length C-terminal Hise pET23a(+), Ampicillin Cloned by Dania Rose-Sperling
R389M based on
p427
p568 BmrA-full-length C-terminal Hisg pET23a(+), Ampicillin Cloned by Dania Rose-Sperling
K380A based on
p427
p441 BmrA-full-length C-terminal Hise pET23a(+), Ampicillin Cloned by Dania Rose-Sperling
SALD based on
p427
p450 BmrA-full-length C-terminal Hisg pET23a(+), Ampicillin Cloned by Dania Rose-Sperling
ASLD based on
p427
p485 BmrA-full-length C-terminal Hisg pET23a(+), Ampicillin Cloned by Dania Rose-Sperling
D510A based on
p427
p486* BmrA-full-length C-terminal Hisg pET23a(+), Ampicillin Cloned by Dania Rose-Sperling
N459C based on
pa27
p487* BmrA-full-length C-terminal Hisg pET23a(+), Ampicillin Cloned by Dania Rose-Sperling
N459C-S516W based on
pa27

* constructs successfully cloned but not used for further analysis in this work
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Table 19: Plasmid used for production of TEV protease

Plasmid Insert Tag/cleavage site  Vector Resistance Origin

number backbone

p081 TEV protease N-terminal MBP- pMal-c4X Ampicillin B couw Frankfurt
Hise-tag university; NEB (lpswich)

To amplify a plasmid or during a cloning project (e.g., insertion of a point mutation or insertion of
gene sequence), plasmids were transformed in competent E. coli DH5a cells, overnight cultivated in
5-10 mL LB and isolated with the E.Z.N.A. Plasmid Miniprep Kit (Omega Bio-Tek, Norcross).
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3. PROPERTIES OF PURIFIED PROTEINS

Polyhistidine tags were attached to the proteins of interest for their purification. After binding of the
poly-His tag to a resin of chelating Sepharose loaded with Ni?*, the bound protein is then eluted with
an imidazole gradient from the Ni%* beads. After elution, the tobacco etch virus (TEV) protease was
used to cleave off the poly His tag. The TEV protease is a nuclear inclusion protein which recognizes
a linear epitope with the consensus sequence E-Xaa-Xaa-Y-Xaa-Q-(G/S). Here ENLYFQG is the sequence
used in the proteins.

Physicochemical properties of LmrA (UniProtKB ID: P97046), MsbA (UniProtKB ID: P60752) and BmrA
(UniProtKB ID: 006967) constructs were calculated using the ProtParam tool from the ExPasy website
(https://web.expasy.org/protparam/?’, Table 20, Table 21 and Table 22).

Table 20: LmrA ABC transporter protein from L. lactis and variants

Protein Number of amino Molecular weight pl Ext. coefficient Selected
acids [kDa] 280 nm [cm1 M1] Amino acid
composition
with tag cleaved withtag cleaved with tag cleaved withtag cleaved withtag cleaved

Cys: 0 Cys: 0

Hisg-TEV- ] .
LmrA-NBD 279 263 30.83 28.88 4.92 4.64 21430 19940 Phe: 12 Phe: 11
WT Trp: 2 Trp: 2
Tyr: 7 Tyr: 6
e
LmrA-NBD 279 263 30.79 28.84 497 4.69 21430 19940 ’ ’
D518A Trp: 2 Trp: 2
Tyr: 7 Tyr: 6
e
LmrA-NBD 279 263 30.83 28.88 4.92 4.64 21430 19940 ' ’
SALD Trp: 2 Trp: 2
Tyr: 7 Tyr: 6
e
LmrA-NBD 279 263 30.85 28.9 4.92 4.64 21430 19940 ’ ’
SSLD Trp: 2 Trp: 2
Tyr: 7 Tyr: 6
e
LmrA-NBD 279 263 30.77 28.82 4.92 4.64 21430 19940 ’ ’
Q430A Trp: 2 Trp: 2
Tyr: 7 Tyr: 6
Hiss-TEV- gﬁ:iz EK:-OH
LmrA-NBD 279 263 30.76 28.81 4.86 4.60 21430 19940 ’ ’
H543A Trp: 2 Trp: 2
Tyr: 7 Tyr: 6
Hise-TEV- gﬁ:-(iz SK:-OH
LmrA-NBD 279 263 30.77 28.82 4.86 4.59 21430 19940 ’ ’
KASGA Trp: 2 Trp: 2
Tyr: 7 Tyr: 6
e
LmrA-NBD 279 263 30.72 28.82 4.8 4.55 21430 19940 ’ ’
K388A Trp: 2 Trp: 2
Tyr: 7 Tyr: 6
e
LmrA-NBD 279 263 30.74 28.79 4.86 4.59 21430 19940 ’ ’
R397A Trp: 2 Trp: 2
Tyr: 7 Tyr: 6
Hise-TEV- gﬁ:-olz gﬁ-on
LmrA-NBD 279 263 30.71 28.76 4.92 4.64 15930 14440 ’ '
WA421A Trp: 1 Trp: 1

Tyr: 7 Tyr: 6
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Hise TEV- ﬁfé_(iz gﬁion
LmrA-NBD 279 263 30.79 28.84 4.92 4.64 15930 14440 ' ’
WA21F Trp: 1 Trp: 1
Tyr: 7 Tyr: 6
Hiss-TEV- gf:a_olz gﬁion
LmrA-NBD 279 263 30.79 28.84 4.92 4.64 15930 14440 ' ’
WASTF Trp: 1 Trp: 1
Tyr: 7 Tyr: 6
o,
LmrA-NBD 279 263 30.85 28.9 4.92 4.64 21430 19940 ' '
SA67C Trp: 2 Trp: 2
Tyr: 7 Tyr: 6
Hise-TEV- Cys: 1 Cys: 1
LmrA-NBD Phe: 12 Phe: 11
Sa67C. 279 263 30.9 28.95 4.92 4.64 26930 25440 Trp: 3 Trp: 3
M524W Tyr: 7 Tyr: 6
Hise-TEV- Cys: 1 Cys: 1
LmrA-NBD Phe: 12 Phe: 11
S467C- 279 263 30.9 28.95 4.96 4.68 26930 25440 Trp: 3 Trp: 3
M524W- Tyr: 7 Tyr: 6
E512Q
Table 21: MsbA ABC transporter protein from E. coli and variants
Protein Number of amino Molecular weight pl Ext. coefficient Selected
acids [kDa] 280 nm [cm MY] Amino acid
composition
with tag cleaved  with tag cleaved with tag cleaved withtag cleaved withtag cleaved
a7 phers
MsbA-NBD 278 262 31.0 29.05 5.46 5.09 11920 10430 ' '
WT Trp: 0 Trp: 0
Tyr: 8 Tyr: 7
a7 phecs
MsbA-NBD 278 262 30.96 29.01 5.55 5.17 11920 10430 ' '
D512A Trp: 0 Trp: 0
Tyr: 8 Tyr:7
a7 phecs
MsbA-NBD 278 262 31.00 29.05 5.54 5.16 11920 10430 ' '
E506Q Trp: 0 Trp: 0
Tyr: 8 Tyr:7
her  phecs
MsbA-NBD 278 262 30.99 29.04 5.55 5.17 11920 10430 ' '
DA61C Trp: 0 Trp: 0
Tyr: 8 Tyr:7
Hise-TEV- Cys: 1 Cys: 1
MsbA-NBD Phe: 7 Phe: 6
DAG1C- 278 262 31.10 29.16 5.55 5.17 17420 15930 Trp: 1 Trp: 1
A518W Tyr: 8 Tyr:7
Hise-TEV- : :
599 583 66.42 64.47 8.32 8.63 Red.Cys  Red.Cys
length 48360 46870 Trp: 5 Trp: 5
WT Tyr: 14 Tyr: 13
Hise-TEV- Cys: 0 Cys: 0
MsbA-full- Phe: 24 Phe: 23
length 599 583 66.39 64.44 8.48 8.78 48360 46870 Trp: 5 Trp: 5
C88s- Tyr: 14 Tyr: 13
C315S
Hise-TEV- : :
599 583 66.42 64.47 8.61 8.82 Red.Cys  Red.Cys
length 48360 46870 Trp: 5 Trp: 5
E506Q Tyr: 14 Tyr: 13
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Table 22: BmrA ABC transporter protein from B. subtilis and variants

Protein Number of amino Molecular weight pl Ext. coefficient Selected
acids [kDa] 280 nm [cm1 M1] Amino acid
composition
with tag cleaved with tag cleaved with tag cleaved with tag cleaved withtag cleaved

Ty

BmrA-NBD 275 259 30.54 28.59 5.46 5.10 17420 15930 ' '

WT Trp: 1 Trp: 1
Tyr: 8 Tyr: 7

hess  phe:s

BmrA-NBD 275 259 30.54 28..55 5.46 5.10 11920 10430 ’ '

WA413F Trp:0  Trp:0
Tyr: 8 Tyr: 7

His-TEV- 17545 16055 gﬁ‘:é gz‘;i

BmrA-NBD 275 259 30.53 28.58 5.46 5.10 Red.Cys Red. Cys Trp'.l Trp'-l

N459C 17420 15930 Tyrs  Tyr7

e pows s o2 O

275 259 30.63 28.68 5.46 5.10 Red.Cys Red.Cys ' '

N459C- 22920 21430 Trp:2  Trp:2

S516W Tyr: 8 Tyr:7

Hisg-TEV- Cys:1 Cys:1

BmrA-full- g 589 66.4 64.45 653 6.49 40340 38850 hei24 Phe:23

length Trp:3  Trp:3

WT p339 Tyr:16 Tyr: 15

BmrA- Hiss gzse:~123 ;

full-length 607 - 66.54 - 6.53 - 38850 - Trp'-3

WT paz27 Tyr: 15

BmrA- Hisg Cys:1 -

full-length Phe: 23

R389A 607 - 66.46 - 6.39 - 38850 - Trp: 3

p427 Tyr: 15

BmrA- Hisg Cys:1 -

full-length Phe: 23

R389F 607 - 66.52 - 6.27 - 38850 - Trp: 3

p427 Tyr: 15

BmrA- Hisg Cys:1 -

full-length Phe: 23

7 - .51 - . - -

R389K 60 66.5 6.53 38850 Trp: 3

p427 Tyr: 15

BmrA- Hisg Cys:1 -

full-length Phe: 23

R389M 607 - 66.52 - 6.39 - 38850 - Trp: 3

p427 Tyr: 15

BmrA- Hisg Cys:1 -

full-length Phe: 23

K3S0A 607 - 66.49 - 6.39 - 38850 - Trp: 3

p427 Tyr: 15

BmrA- Hisg Cys:1 -

full-length Phe: 23

D512A 607 - 66.5 - 6.70 - 38850 - Trp: 3

p427 Tyr: 15

BmrA- Hisg gﬁse:-lzg i

full-length 607 - 66.53 - 6.53 - 38850 - Trp'.3

SALD p427 Tyr: 15

BmrA- Hise Eﬁ:_lB )

full-length 607 - 66.53 - 6.53 - 38850 - Trp'.3

ASLD p427 Tyr: 15
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Table 23: TEV-protease used for purification

pl Ext. coefficient Selected
280 nm [cml M1] Amino acid
composition

cleaved with tag cleaved with tag cleaved

Protein Number of amino  Molecular weight
acids [kDa]
with tag cleaved with tag cleaved with tag
HiSeTEV- a3 248 71.9 28.6 6.82
protease

Cys: 4 Cys: 4
Phe: 33 Phe: 17
Trp: 13 Trp: 5
Tyr: 19 Tyr: 3

9.59 100060 32220

4. HETEROLOGOUS/ HOMOLOGOUS EXPRESSION OF LMRA-NBD, MsBA-NBD AND BMRA-NBD IN

E. coL

4.1. Media for protein expression and additives

Table 24: Composition of protein expression media and additives

Media or component

Additional information for use/ preparation

LB medium 5 g/L yeast extract Freshly autoclaved
10 g/L NaCl
10 g/L tryptone
2 YT medium/ 10 g/L yeast extract Freshly autoclaved
2XYT medium 16 g/L pepton
5 g/L NaCl
M9 medium 15 g/L KH,PO4 Freshly autoclaved
33.9 g/L NazHPO4
1 g/L NH4CI* *leave out NH4Cl and add >*NH4Cl 0.75 g/L right before
starting main culture for 1N isotope labeling
2.5 g/L NaCl
Added before used:
4 g/L Glucose” 20% stock solution autoclaved
4 mL/L 1M MgSO4 1M stock solution autoclaved
1 mL/L 10 mM FeCls 10 mM stock solution sterile filtered stored at - 20°C
2 mL/L Magic Mix See below
10 mL/L Trace elements See below
100 pg/mL Ampicillin See below
Magic mix Centrum® vitamin tablet dissolved in Sterile filtered stored at - 20°C

40 mL ddH,0

Trace elements

0.2 mg/mL CaCl,*2H,0
0.2 mg/mL ZnS04*7H,0
0.2 mg/mL MnSO4*H,0
5 mg/mL Tryptophane*
5 mg/mL Thiamine

5 mg/mL Niacin

0.1 mg/mL Biotin

Sterile filtered stored at - 20°C

*leave out for °N isotope labeling

LB-Agar plates 5 g/L yeast extract Antibiotic added after autoclaving and cooling, LB agar
10 g/L pepton plates were stored at 4°C
10 g/L NaCl
15 g/L agar-agar

Ampicillin 100 mg/mL Stock solution in 20 % EtOH stored at - 20°C

IPTG 1MIPTG Stock solution in dH,0 stored at - 20°C
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Table 25: Defined medium for selective isotope labeling of amino acids

Media for selective labeling of amino acids*

Amino acid  g/L Additives g/L Add before use
Ala 0.5 Adenine 0.5 20 % Glucose 100 mL/L
Arg 0.4 Guanosine 0.65 1 M MgSOa4 4 mL/L
Asn 0 Thymine 0.2 10 mM FeCls 1 mL/L
Asp 0.4 Uracil 0.5 Magic Mix* 1mL/L
Cys 0.05 Cytosine 0.2 Trace elements* | 10 mL/L
GIn 0.4
Glu 0.65 Sodium 1.5
acetate
Gly 0.55 Succinic acid | 1.5 Ampicillin 100 pg/mL
His 0.1 NH,4CI 0.5
lle 0.23 NaOH 0.85
Leu 0.23 KoHPO4 10.5
Lys-hydro-Cl |0.42
Met 0.25
Phe 0.13
Pro 0.1
Ser 2.1
Thr 0.23
Tyr 0.17
Val 0.23

* Composition see Table 24
# |sotope-labeled amino acids were added instead of unlabeled amino acids

Table 26: Expression media used to produce unlabeled and isotope labeled LmrA, MsbA and BmrA

Labeling/non labeling for Media used for expression Additional information
proteins
Unlabeled protein LB medium, 2YT medium/ 2XYT

medium

Uniform 2H, 13C, 1N labeling  E. coli CDN-media OD2 (Silantes
GmbH, Miinchen)

Uniform 2H, 15N labeling E. coli DN-media OD2
(Silantes GmbH, Miinchen)

Uniform >N labeling M9 medium (Table 24) Instead of NH4CL >NH,Cl is added to the media right
before growth

Selective labeling of specific Defined media (Table 25) Instead of unlabeled amino acids the respective

amino acids 15N amino acid or N-13C proline (for unique pair
labeling) was added right before growth.

Selective 1°F-Trp labeling Defined media (Table 25) Instead of unlabeled 1°F 5-Fluoro-L-tryptophane or 1°F

5-Fluoro-DL-tryptophane was added to the media right
before growth, unless stated differently 100% 1°F-Trp
was used
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4.2. Preparation of competent cells

To prepare competent E. coli cells (DH5a or BL21-Gold (DE3)), the cells were first grown over night at
37°C in LB media without antibiotics in a shaker at 180 — 200 rpm. The next day, 100 mL fresh LB
medium was inoculated with the overnight culture to an ODgoonm Of 0.5. Subsequently the bacteria
suspension was centrifuged in two 50 mL reaction tubes at 3214 xg for 10 minutes. After addition of
20 mL solution | (pre-chilled) to each cell pellet, the pellets were gently resuspended and kept cool
onice (4 — 8 °C) for 1 - 2 h. After another centrifugation step (3214 xg for 10 minutes), each cell pellet
was resuspended in 1 — 1.5 mL of solution | and the two solutions then combined. 3 mL of solution Il
(pre-chilled) was added. The newly competent cells were then aliquoted in 50 - 100 uL batches in
1.5 mL reaction tubes, frozen immediately with liquid nitrogen and stored at — 80°C until further use.

Table 27: Composition of solutions for the preparation of competent cells

Solution | Solution Il

70 mM CaCl, 70 mM CaCl,

50 mM MgCl, 50 mM MgCl,
30% Glycerol

4.3. Transformation of cells

15— 80 ng of plasmid DNA was added to 25 — 50 pL of competent cells (E. coli DH5a, E. coli BL21-Gold
(DE3) or E. coli C41 (DE3), Table 7) and incubated at 4°C for 20 min. After a heat shock (42°C, 45 s),
cells were kept cool at 4°C for 2 min. Subsequently, 300 uL of LB medium were added and the cells
grown for 1 -2 h at 37°C and 180 — 200 rpm. Finally, 100 - 300 uL of the cell suspension were plated
on LB agar plates (containing the antibiotic ampicillin) and incubated overnight at 37°C.

4.4. Protein expression conditions

SDS-PAGE was performed to analyze overexpression the desired proteins. For this a 1 mL sample
before (-1) and after induction of expression (+I) was taken. These samples were centrifuged (2700 xg,
4°C, 1 min) and stored at —20°C until the SDS-PAGE (10.1. SDS-Polyacrylamide gel electrophoresis
(SDS-PAGE), 12 - 15% gel) was run.

4.4.1. General conditions for heterologous/ homogenous expression of LmrA-NBD, MsbhA-NBD
and BmrA-NBD

For expression of LmrA-NBD, MsbA-NBD or BmrA-NBD competent E. coli BL21-Gold (DE3) cells were
transformed with pET11a plasmids encoding the respective transporters as described above. For the
expression of all proteins, a pre-culture (50 - 100mL of LB medium supplemented with 100 pg/mL
ampicillin) was inoculated with some colonies from a LB agar plate. The pre-culture was incubated
overnight at 37 °Cat 120 - 200 rpm. Depending on the desired expression conditions (specific labeling
or no labeling of the proteins) the appropriate medium (Table 24 and Table 26) was inoculated with
5—20% (v/v) of pre-culture and cells were grown at 37°C with 180 — 200 rpm to an ODgoonm 0f 0.5 - 0.8.
Protein expression was then induced by the addition of 1 mM IPTG and the cells grown overnight at
20 - 21 °C and 180 - 200 rpm. Cells were harvested by centrifugation (4790 xg, 10 min at 4°C),
resuspended in lysis buffer (Table 28), frozen in liquid nitrogen and stored at — 20°C until further use.
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4.4.2. General conditions for heterologous expression of full-length BmrA constructs

The protocol for expression of BmrA is based on the protocol established by the i Laboratory in
Lyon?®, BmrA encoded on a pET23a(+) plasmid was expressed in E. coli C41 (DE3) cells (Table 22). A
pre-culture (50 — 100 mL of LB medium supplemented with 100 ug/mL ampicillin) was inoculated
with some colonies from a LB agar plate. The pre-culture was incubated overnight at 37 °C, 160 rpm.
Expression media (2YT or °F-Trp defined media, Table 24 and Table 25) was inoculated with pre-
culture to obtain an ODgoonm value of 0.1 and grown at 37°C, at 120 rpm. When an ODggonm 0.7 — 1.0
was reached, the cells were induced with 700 uM IPTG and grown for 4 h at 25°C 120 rpm. Cells were
harvested by centrifugation (2x 6000 xg, 15 min, 4°C), frozen in liquid nitrogen and stored at — 20°C
until further use.

The expression medium for °F W labeling of full-length BmrA contained 90% *°F-DL-tryptophane and
10% unlabeled tryptophane. Labeled and unlabeled tryptophane was added to the defined medium
right before inoculating the expression culture.

4.4.3. General conditions for heterologous expression of TEV protease

TEV protease was heterologously-expressed in E. coli BL21-Gold (DE3) cells. A pre-culture (50 - 100mL
of LB medium supplemented with 100 pg/mL ampicillin) was inoculated with some colonies from a
LB agar plate. The pre-culture was incubated overnight at 37 °C at 120 - 200 rpm. Then, 1 L of 2XYT
medium was inoculated with 5 — 20% (v/v) of pre-culture and the cells were cultivated at 37°C with
180 — 200 rpm. At an ODegoonm Of 0.6 — 0.8, the expression was induced with 500 uM IPTG and the
temperature was reduced to 25°C during expression overnight at 180 — 200 rpm. Cells were harvested
with centrifugation (2x 6000 xg, 15 min, 4°C) and frozen with liquid nitrogen in lysis buffer (Table 31)
and stored until further use. TEV protease contains an N-terminal MBP-tag followed by a TEV cleavage
and a Hise-tag. The TEV protease cleaves its own MBP-tag in vivo, leaving a Hisg TEV protease ready
to use in purifications of LmrA, MsbA and BmrA.
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5. PURIFICATION OF LMRA-NBD, MsBA-NBD AND BMRA-NBD

A bacterial cell pellet containing the overexpressed protein of interest was resuspended in lysis buffer
(Table 28, cells from 0.1 - 0.25 mL culture were dissolved in ~ 25-40 mL lysis buffer with freshly added
DNase, RNase and lysozyme, half tablet of protease inhibitor, 1 mM DTT and 1 mM benzamidine),
disrupted by sonification (5—-10 cycles, 45s—-60s, 50% - 60% power at 4°C, branson sonifier,
Offenbach or bandelin sonifier, Berlin) and cell debris pelleted by centrifugation (20— 40 min/
2050 xg/ 4°C). The supernatant containing the soluble NBD protein was added twice to a Ni?*-NTA
column (Table 28), washed extensively with wash buffer A (8 - 10 CV), buffer B (8 - 10 CV) and buffer
C (8 =10 CV). The protein of interest was eluted with buffer D (250 mM imidazole 5 — 6 CV). Eluted
protein was combined with TEV protease (25:1 —40:1 mol/ mol) for His-tag removal and dialyzed (Cut
off <12 kDa) overnight at 4°C against dialysis buffer. After centrifugation (4790 xg, 10 min at 4°C), a
reverse Ni**-NTA purification step was carried out to remove His-tagged TEV protease and uncleaved
protein. The purified NBDs were concentrated (Cut off <10 kDa, Sartorius Vivaspin, Gottingen),
centrifuged (4790 xg, 10 min at 4°C) in a fresh reaction tube and run over a Superdex 200/ 16-60 or
Superdex 75/ 16-60 (GE Healthcare, Chicago, USA). Protein concentration was determined by
absorption at 280 nm (8. Quantitative protein determination) and protein purity further analyzed by
performing an SDS-PAGE (10.1. SDS-Polyacrylamide gel electrophoresis (SDS-PAGE), 15% gel).

Table 28: Buffer compositions for LmrA-NBD, MsbA-NBD or BmrA-NBD protein purification

Lysis buffer NiZ*-NTA Dialysis/
Buffer A Buffer B Buffer C Buffer D SEC buffer

NMR buffer

250 mM Sucrose 50 mM Tris-Cl 50 mM Tris-Cl 50 mM Tris-Cl 50 mM Tris-Cl 50 mM BisTris

150 mM NaCl pH8.0 pH8.0 pH8.0 pH8.0 pH 6.5"/pH 7.0*

10 mM Tris-Cl 50 mM NacCl 500 mM NaCl 50 mM NacCl 50 mM NacCl 50mM Nacl

pH7.5 20 mM Imidazole 250 mM Imidazole

2.5 mM MgS0O4

* in LmrA-NBD purification
#in MsbA-NBD and BmrA-NBD purification

6. PURIFICATION OF MEMBRANE PROTEINS: FULL-LENGTH ABC TRANSPORTERS MSBA AND BMRA

Two different membrane protein purification protocols were used.

6.1. Preparation of inside out vesicles (I0Vs) containing full-length MsbA and BmrA

The bacterial cell pellet containing the protein of interest was resuspended with lysis buffer (cells
from ~1 L culture were dissolved in ~40 - 60 mL lysis buffer Table 28) supplemented with DNase,
RNase and half a tablet of protease inhibitor (Roche, Basel). After passing the suspension through a
cell disruptor three times at 1.24 kbar, 15 mM K-EDTA was added to prevent membrane stacking.
Then a low centrifugation step (2050 xg, 10 min, 4°C) was carried out. The supernatant from the low
centrifugation step was then subjected to a high spin centrifugation step (18400 xg, 1 h, 4°C). The
pellet of the high centrifugation step containing the inside out vesicles (IOVs) were resuspended with
solubilization buffer (Table 29) and used immediately or frozen with liquid nitrogen and stored
at -°20°C or —80°C until further use. Before freezing the samples, the protein concentration was
quantified with a DC™ protein assay (8. Quantitative protein determination). In addition, a SDS-PAGE
(10.1. SDS-Polyacrylamide gel electrophoresis (SDS-PAGE), 12% gel) was performed to analyze
protein purity.
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6.2. Solubilization and purification of full-length MsbA and BmrA

For solubilization of the membrane proteins in the detergent DDM, the I0Vs (concentration
5—10 mg/mL) were solubilized in solubilization buffer containing 1% DDM for 1 h at 4°C. After an
ultracentrifugation step (18400 xg, 1 h, 4°C), the soluble fraction was loaded on a Ni**-NTA column,
which was pre-equilibrated with solubilization buffer containing 0.05% DDM. The column was washed
with wash buffer A (15 CV), wash buffer B (15 CV), both containing 0.05% DDM. Finally, was the
membrane protein eluted with elution buffer containing 150 mM imidazole and 0.05% DDM (8 CV
elution buffer/ buffers see Table 29). Elution fractions after Ni?*-NTA column containing the
membrane protein were concentrated (Cut off <30 kDa, sartorius Vivaspin, Gottingen) and run on a
Superdex 200/ 16-60 (GE Healthcare, Chicago, USA). Protein concentration was determined by
colorimetric DC™ protein assay (8. Quantitative protein determination) and a SDS-PAGE (10.1. SDS-
Polyacrylamide gel electrophoresis (SDS-PAGE), 12% gel) was performed to analyze overexpression
of the protein and its purity.

Table 29: Buffer composition for full-length MsbA and BmrA 10V preparation and protein purification

Solubilization Ni2*-NTA Dialysis/
SEC buffer
Wash buffer A Wash buffer B Elution buffer
50 mM Tris-Cl 50 mM Tris-Cl 50 mM Tris-Cl 50 mM Tris-Cl 50 mM Tris-Cl
pH 8.0 pH 8.0 pH 7.0 pH 7.0 pH 7.0
200 mM NacCl 100 mM NacCl 100 mM NacCl 100 mM NacCl 50 mM NacCl
10% Glycerol 10% Glycerol 10% Glycerol 10% Glycerol 10% Glycerol
1% DDM 20 mM Imidazole 20 mM Imidazole 150 mM Imidazole 0.025% DDM
0.05% DDM 0.05% DDM 0.05% DDM

6.3. Preparation of inside out vesicles (I0Vs) containing full-length BmrA

The protocol for preparing I0Vs containing full-length BmrA (constructs based on p427, Table 22) is
based on the protocol established by the [Jjjjj Laboratory (i.e. Dr. | I 2nd Prof. I
) in Lyon?®72%. The bacterial cell pellet containing the protein of interest was resuspended in IOV
buffer A (1 liter of culture was dissolved in ~20 - 40 mL IOV buffer, Table 30) with freshly added DNase
(5 png/ug) and 1 mM DTT and passed through a cell disruptor three times at 1.24 kbar. The cell debris
(unbroken cells) were removed by a low centrifugation step of the samples at 15000 xg for 30 min at
4°C. The supernatant from the low centrifugation step was than spin down by an ultracentrifugation
step at 150000 xg for 1 h at 4°C. The membrane pellet (IOVs) after ultracentrifugation was
resuspended in 10V buffer B (Table 30) and ultracentrifuged (150000 xg, 1 h 30 min, 4°C) again. After
homogenization of the membrane pellet in IOV homogenization buffer (Table 30) the suspension of
membranes was frozen in liquid nitrogen and stored at — 80°C. Protein quantification was carried out
with a BCA assay (8. Quantitative protein determination). Protein overexpression and purity was
checked by SDS-PAGE (10.1. SDS-Polyacrylamide gel electrophoresis (SDS-PAGE), 12% gel).
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6.4. Solubilization and purification of full-length BmrA

The protocol for solubilizing and purifying full-length BmrA (constructs based on p427, Table 22) was
kindly provided by Dr. || N 2nd Prof. . Lo *°. For solubilization of the
membrane proteins in the detergent lauryl maltose neopentyl glycol (LMNG), the 10Vs were diluted
with solubilization buffer (Table 30) containing 1% LMNG to 2mg/mL. The solubilization was
performed for 1 h at 4°C. Solubilized membrane proteins were collected in the supernatant after
ultracentrifugation (150000 xg, 1 h, 4°C). Subsequently, the supernatant was incubated with Ni**-NTA
resin for 1 h 30 min at 4°C. The resin was transferred to a column and then washed with wash buffer
A (20 CV, Table 30) and wash buffer B (2 CV, Table 30). Elution was performed with elution buffer
(6 —8 CV, Table 30). Samples with high protein concentration were dialyzed (Cut off 12-14 kDa) in
dialysis buffer (Table 30) at 4°C overnight. For some samples size exclusion runs with SEC buffer
(Table 30) over a Superdex 200 10/ 300 GL (GE Healthcare, Chicago, USA) were performed after Ni®*-
NTA column. Proteins were flash frozen in liquid nitrogen and stored in — 80°C after Ni2*-NTA column
or SEC run. Concentration of the purified membrane protein was determined by measuring
absorption at 280 nm and Bradford assay (8. Quantitative protein determination). Membrane protein
quality control was done by SDS-PAGE (10.1. SDS-Polyacrylamide gel electrophoresis (SDS-PAGE),
12% gel).

Table 30: Buffer compositions for BmrA IOV preparation and membrane protein purification

10V buffer A 10V buffer B 10V

Homogenization

buffer
50 mM Tris-Cl 50 mM Tris-Cl 20 mM Tris-Cl
pH 8.0 pH 8.0 pH 8.0
0.5 mM MgCl, 1.5 mM K-EDTA 1 mM K-EDTA

300 mM Sucrose
Solubilization Ni2*-NTA Dialysis/
Buffer Equilibration Wash buffer A Wash buffer B Elution buffer SEC buffer/

buffer NMR buffer

100 mM NaP; 50 mM NaP; pH8.0 50 mM NaP; pH8.0 50 mM NaP; 50 mM NaP; pH8.0 50 mM Tris-Cl
pH8.0 100 mM NaCl 100 mM NaCl pH8.0 100 mM NacCl pH8.0
100 mM NaCl 10 mM Imidazole 20 mM Imidazole 100 mM NaCl 250 mM Imidazole 100 mM NaCl
10 mM Imidazole 15% Glycerol 15% Glycerol 40 mM Imidazole 15% Glycerol 10% Glycerol

15% Glycerol

0.01% LMNG

0.01% LMNG

15% Glycerol

0.01% LMNG

0.01% LMNG

1% LMNG
1 mMDTT

0.01% LMNG

7. PURIFICATION OF TEV PROTEASE

A bacterial cell pellet containing TEV protease was resuspended in lysis buffer (~1 L culture of was
dissolved in ~50 mL of lysis buffer, Table 31) with freshly added DNase, RNase and lysozyme, half
tablet of protease inhibitor and 10 mM MgCl,and incubated at 4°C for 30 min. The cell suspension
was then sonified (3 — 4 cycles for 60 s, 60% power, 4°C). After centrifugation (30 min at 7000 xg and
4°C) of the cell suspension, the supernatant containing the soluble Hiss-TEV protease was transferred
to a Ni*-NTA column, which was pre-equilibrated with buffer A (Table 31). Subsequently, the
Ni2*-NTA column was washed with buffer A (6 CV, Table 31) and wash buffer (20 CV, Table 31). Finally,
the soluble Hise-TEV protease was eluted with 4 CV buffer B, containing 500 mM imidazole (Table 31).
Elution fractions containing Hise-TEV protease were dialyzed in dialysis buffer (Table 31) overnight at
4°C to remove the imidazole. After dialysis, glycerol was added to a final volume of 50% v/v. The
protein was aliquoted, frozen in liquid nitrogen and stored at —80°C. Protein concentration was
determined by absorption at 280 nm (8. Quantitative protein determination) and protein purity was
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analyzed by performing an SDS-PAGE (10.1. SDS-Polyacrylamide gel electrophoresis (SDS-PAGE),
12 - 15% gel).

Table 31: Buffer compositions for TEV protease purification

Lysis buffer Niz*-NTA Dialysis/Storage
Buffer A Wash buffer Buffer B buffer*

25 mM Tris-Cl See lysis buffer 25 mM Tris-Cl 25 mM Tris-Cl 25 mM Tris-Cl

pH 7.8 pH 7.8 pH 7.8 pH 8.0

400 mM NacCl 400 mM NacCl 400 mM NaCl 400 mM NaCl

25 mM Imidazole 70 mM Imidazole 500 mM Imidazole 0.5 mM EDTA

1 mMDTT 1 mMDTT 1 mM DTT 1 mMDTT

* For storage 50% glycerol were added to the storage buffer

8. QUANTITATIVE PROTEIN DETERMINATION

For protein quantification four different methods were applied.

Absorption measurement at 280 nm using a NanoDrop 2000c UV-Vis spectrophotometer
(Thermo Fisher Scientific, Waltham, USA). To determine the protein concentration via the
Lambert-Beer law, the calculated extinction coefficient for each protein construct (3. Properties
of purified proteins) has been used.

Colorimetric detergent compatible (DC)™ assay (BioRad Laboratories GmbH, Hercules, USA).
Absorption of 750 nm was measured. This method was applied to the full-length proteins (i.e.
MsbA and BmrA) studied in this thesis.

Colorimetric bicinchoninic Acid (BCA) assay (Thermo Fisher Scientific, Waltham, USA) where
absorption of 562 nm was measured to determine the protein concentration.

Colorimetric Bradford assay (Thermo Fisher Scientific, Waltham, USA). Absorption of 595 nm was
measured to determine the protein concentration.

Reactions of DC, BCA and Bradford assay are based on the well documented Lowry assay®**.
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9. RECONSTITUTION OF MEMBRANE PROTEINS INTO LIPOSOMES

The protocol for reconstituting full-length BmrA (constructs based on p427, Table 22) into liposomes

was kindly provided by Dr. | N JEEEEE and Prof. I, Lyon>*>.

Preparation of BioBeads SM-2

BioBeads SM-2 (Table 5) were washed with methanol and subsequently washed extensively with
water. The hydrated Biobeads were stored in H,0 at 4°C until used for detergent removal.

Reconstitution of membrane proteins into liposomes

Liposomes made from E. coli total lipid extract were prepared in a molar ration of approximately
3300/1 lipid to full-length BmrA. Before mixing the lipids with detergent-solubilized protein, E. coli
total lipid extract (25 mg/ mL in water) was stirred with 2% DDM (v/v) at RT in a 2 mL reaction tube.
After 45 min 100 pg of full-length BmrA solubilized in 0.01% LMNG was added into a total volume of
500 pL. This mixture was incubated in a 2 mL reaction tube and gently stirred for 45 min at RT. The
DDM concentration was always kept above the critical micelle concentration (CMC) for the detergent
(CMCppm = 12 mM). Finally, 120 mg of hydrated Biobeads SM-2 were added in three installments of
40 mg each. After addition, the sample was incubated for 1 h at RT (i.e. total incubation time was
3 h). The supernatant containing proteoliposomes was transferred to a fresh reaction tube and used
immediately or stored at 4°C.

10. BIOPHYSICAL CHARACTERIZATION OF RECOMBINANT PROTEINS
10.1. SDS-Polyacrylamide gel electrophoresis (SDS-PAGE)

Denaturing protein gel electrophoresis was carried out using the Mini-PROTEAN Tetra cell (BioRad
Laboratories GmbH, Hercules, USA) SDS-PAGE system with the Tris-glycine buffer (also known as
Laemmli buffer, SDS running buffer, Table 33). Samples were mixed with 4 x SDS loading dye (Table
33). 5 - 15 pl of the samples were loaded on a chamber of the gel. Gels run (12% or 15%, Table 32)
at 80 — 180 V for 1 h 30 min—3 h. Protein bands in the gels were visualized via staining with
Coomassie staining solution 1 or 2 (Table 33) and destained with destaining solution 1 or 2 (Table
33).

Samples containing bacteria cells were resuspended in 100 ul 4 x SDS and incubated for 10 — 15 min
at 95°C before loading them on the gel.

Table 32: Composition of the stacking and running gel to perform 4 gels for SDS-PAGE

Ingredients Stacking gel Running gel

12% 15%
ddH,0 4.6 mL 6.6 mL 4.6 mL
1.5 mM Tris-Cl pH 8.8 - 5mL 5mL
1 mM Tris-Cl pH 6.8 0.63 mL - -
Acrylamid/ Bisacrylamid 0.83 mL 8 mL 10 mL
30%
SDS 10% (w/v) 50 ul 200 pL 200 pL
APS 10% (w/v) 50 uL 200 pL 200 pL
TEMED 5 ulL 20 L 20 L
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Table 33: Buffers to perform SDS-PAGE

Buffer Composition

SDS loading dye 4x* 200 mM Tris-Cl pH 6.8, 400 mM DTT, 8% (w/v) SDS, 0.4% (w/v) Bromophenol blue, 40%
Glycerol

Protein standard Precision Plus Protein Dual Color Standard (BioRad Laboratories GmbH, Hercules, USA)

SDS running buffer 0.25 M Tris-Cl pH 8.3, 1.92 M Glycerol, 35 mM SDS

10x

Coomassie  staining 1 g/L Coomassie brilliant blue R250, 10% (v/v) Acetic acid, 40% (v/v) Methanol/ Ethanol
solution 1

Coomassie  staining 1 g/L Coomassie brilliant blue R250, 2% (v/v) Phosphoric acid, 40% (v/v) Ethanol
solution 2

Destaining solution 1  10% (v/v) Acetic acid

Destaining solution 2 30% (v/v) Ethanol, 2% (v/v) Phosphoric acid

* For proteins which build disulfide bridges loading dye with and without DTT was applied.

10.2. Analytical size exclusion chromatography

For analytical size exclusion chromatography, an ENrich™ 70 10 x 300 (BioRad Laboratories GmbH,
Hercules, USA) and a Superdex 75 10/300 GL (GE Healthcare, Chicago, USA) column was used. Unless
stated differently, NBD constructs (30-40 uM in 500 pL) were run isocratically (flow rate 0.8 —
1 mL/min) for 1.1 CV at 4°C over the pre-equilibrated (SEC buffer, Table 28) columns. Before loading
the constructs on the columns potential aggregates were removed by centrifugation (4790 xg, 10 min
at 4°C).

Full-length BmrA constructs (80 pg) were run over a Superdex 200 10/300 GL, which was pre-
equilibrated with SEC buffer containing 0.01% LMNG (Table 30).
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10.3. CD spectroscopy

Circular dichroism (CD) measurements were carried out on a Jasco-815 CD spectrometer (JASCO
EUROPE S.R.L., Pfungstadt). For the measurements, the protein concentration was setto 1.5 — 15 uM
in 300 pL and measured in a 1 mm quartz cuvette (Hellma Analytics, Millheim). Measurements were
performed at a spectral range between 190 and 260 nm at 20°C. The scanning interval was set to
1 nm, scanning speed to 50 nm/min, band width to 5 nm and spectra accumulations to 3. From all
spectra, the buffer spectral background was subtracted and the measured ellipticity 6 (deg)
converted to the mean residue ellipticity 8,,,,, 2 (equation 1).

[g]mrw,/l = Mfg‘f‘:Ef] 1

6 - Measured ellipticity in deg

¢ - concentration in g/mL
d - pathlength in cm

Mean residue weight (MRW) can be calculated by the following formula: MRW = % . My
corresponds to the molecular weight in Dalton and N to the number of amino acids. For CD spectra
analysis and fold recognition, the web program BeStSel®*%% (Beta Structure Selection,

http://bestsel.elte.hu/) was used.

To record melting curves, CD spectra were recorded at wavelengths 208 and 222 nm, where a-helical
proteins display two characteristic minima in the CD spectrum. For measurements 1°C/min was set
for a heating range from 15°C — 95°C. The melting point Ty, is defined as the temperature at which
50% of protein is unfolded. To generate melting temperature curves, the measured ellipticity 8 (deg)
values for the different temperatures at 208 or 222 nm were plotted against the increasing
temperature. In a perfect sigmoidal curve, the inflection point between native state and non-native
state then corresponds to the melting temperature (Tn).
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10.4. Photoinduced electron transfer — fluorescence correlation spectroscopy (PET-FCS)

Cloning and purification of LmrA, MsbA and BmrA was carried out in the |JJJJli] laboratory,
Johannes Gutenberg-university Mainz. PET-FCS labeling, and measurements of the purified
constructs were performed by | IEEENEGgGgGNEGEEEEEEEEE Viversity of
Wiirzburg?*#2%, PET-FCS technique allows to study conformational dynamics of biomolecules by
recording the quenching of an attached organic fluorophore (AttoOxal1) by an aromatic amino acid
(tryptophane) with electron donating properties. A cysteine in the protein is used for fluorophore
labeling, typically via a maleimide. PET-FCS uses a single molecule approach, where dynamics
between the fluorophore and the quencher (within one nm) in the nanosecond to microsecond
timescale can be recorded. The fluorophore enables recording of translational diffusion of the whole
molecule and additionally can intra domain diffusions (intra domain dynamics) be recorded due to
the quenching of the fluorophore (Figure 8).

Briefly information how to analyze the data: Fluorescence fluctuations are analyzed by calculating
the autocorrelation function (ACF) i.e. G(t) of the recorded fluorescence intensity time trace
(equation 2). Under appropriate experimental conditions, constantly emitting fluorescence labels
give rise to a stochastic fluctuation of the detector signal as molecules diffuse in and out of the focal
volume (detection focus, Figure 8). This process results in a decay of the ACF with a characteristic
time constant 1o representing the time constant of molecular diffusion (“Brownian motion”),
depending on the size and shape of a molecule as well as its interactions with the environment (Figure
8). Equilibrium conformational fluctuations faster than tp occur as additional decay in the ACF with
the relaxation time constant t, (Figure 8).
<I . >
G () = S
](O - Fluorescence intensity at time t

I(t+7) - Fluorescence intensity after a lag time (1)
<> - denotes the time average over the total observation time

A 15f

1.0
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Figure 8: Protein dynamics by PET-FCS measurements (modified from Sauer & Neuweiler, 2014?%)

A) Fluorescently labeled protein with constant fluorescence emission. Fluctuations in the fluorescence signal result in a decay
of the ACF (G(t)) with a characteristic time constant of translational diffusion tp (blue). B) Conformational motions that are
faster than tp and modulate fluorescence emission result in an additional decay in the ACF with a relaxation time constant
t.(red). ACF — Autocorrelation function. F — Fluorescence signal. In — Fluorescence signal in the detection focus (focal volume)
of the instrument. Out — Fluorescence signal not in the detection focus (focal volume) of the instrument.
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11. BIOFUNCTIONAL CHARACTERIZATION OF RECOMBINANT PROTEINS
11.1. ATPase activity assay

The ATPase activites of purified LmrA, MsbA and BmrA constructs were determined by a coupled
enzyme assay that uses photometrically NADH"1%, ATPases as LmrA, MsbA or BmrA generate ADP,
which is indirectly detected. The first enzyme in this coupled assay, pyruvate kinase, converts ADP
back to ATP by transferring phosphoenolpyruvate to pyruvate. Pyruvate is the substrate of the second
enzyme, lactate dehydrogenase (LDH), which is converted to lactate by oxidation of NADH to NAD".
NADH oxidation by LDH was monitored in the assay by measuring loss of absorbance at 340 nm in an
UV-Vis spectrophotometer (Perkin ElImer Lambda 25, Waltham, USA or SAFAS SP2000, Monaco) at
20°C or 37°C over time. Two slightly different ATPase assay protocols were used.

ATPase activity assay protocol 1

Table 34: ATPase activity assay protocol 1 performed in Il laboratory
Buffer components for a total volume of 200 ulL. The assay was carried out in a disposable UV cuvette (Brand™, Wertheim
und Grossostheim).

Components Applied for the ATPase assay (200 pL)
20 mM L-Ascorbic acid 1mM

100 mM ATP pH 7.0*2 1mM

60 mM Phosphoenolpyruvate*? 3mM

12 mM NADH 0.21 mM

20 mM MgCl, 1mM

PK/ LDH mix*® 3.5puL

Protein or buffer*c as desired for different conentrations

LmrA-NBD constructs: 400 pg
MsbA-NBD constructs: 400 pug
BmrA-NBD constructs: 400 pg
Full-length MsbA 3 ug, 13 —180 ug
Full-length BmrA 3 ug
* a - ATP was not added when the positive control was performed. ADP was added instead.
b - 600 — 1000 unit/mL of pyruvate kinase and 900 — 1400 unit/mL of lactate dehydrogenase.
c - Appropriate buffer as negative control for the appropriate protein was used. Buffer control was applied as autozero.

All components except of ATP or ADP were mixed in a disposable UV cuvette (Brand™, Wertheim
und Grossostheim) and absorbance at 340 nm was measured (Table 34). After 1 min, ATP was added
to the ongoing measurement which was run for another 7 — 240 minutes.
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ATPase activity assay protocol 2

This protocol was kindly provided by Dr. || I 2nd Prof. I from Lyon™.

Table 35: ATPase activity assay protocol performed in [} laboratory, Lyon
Buffer components for a total volume of 700 uL. The assay was carried out in an UV cuvette (Hellma Analytics, Miillheim).

Components Applied within the ATPase assay
(700 pL)

1 M Hepes KOH pH 8.0 50 mM

1 M MgCl, 10 mM

200 mM Phosphoenolpyruvate 4mM

10 mg/mL Lactate dehydrogenase 32 pg/mL

10 mg/mL Pyruvate kinase 60 pg/mL
300 mM NADH 0.3 mM

10% LMNG 0.01% LMNG
ATP pH 7.0 10 mM
Protein or buffer* 3ug

*a - Appropriate buffer as negative control for each protein was used.

All components except LMNG, ATP and purified protein were mixed and added to an UV cuvette
(Table 35). LMNG and ATP was added to the cuvettes and after incubation of 5 min at RT the purified
protein was added and measurement of absorbance at 340 nm initiated. Measurements were
performed for 15 minutes. For stimulated ATPase activity measurements 15 uM Reserpine or 2 uM
Hoechst 33342 were added.

Calculation and representation of ATPase activity assays

|4
Sprot—S —
.. (sprot Conf)e 1 _ Scor'NADH
ATPase activity = NADH™ — —cor comst 3
Mprot Mprot

Sprot — Slope of measurement at 340 nm with protein
Scont — slope of measurement at 340 nm with buffer
Vnapn - total volume

Enapn - extinction coefficient of NADH = 6220 1/(M-cm)
1 - optical path length

Mprot — protein mass

scor — slope corrected with buffer control

The ATPase activity was calculated as in equation 3. Due to its low activity, the values for the
LmrA-NBD ATPase activity are shown in a table where absorption of NADH at 340 nm is compared at
specific time points after addition of ATP.
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11.2. Fluorescence drug transport assay

Table 36: Fluorescence drug transport assay protocol for the substrate Hoechst 33342 or Doxorubicin performed in I}
laboratory, Lyon. Buffer components for a total volume of 1 mL. The assay was carried out in an UV Cuvette (Hellma
Analytics, Miillheim).

Components Amounts applied for the ATPase assay
50 mM Hepes KOH pH 8.0, 50 mM Hepes KOH pH 8.0,

8.5 mM NaCl 8.5 mM NaCl

200 mM Phosphoenolpyruvate 4 mM

10 mg/mL Pyruvate kinase 60 ug

1 M MgCl, 2mM

IOVs 100 - 200 pg

1 mM Hoechst 33342 2 uM

2 mM Doxorubicin hydrochloride 10 uM

ATPpH 7.0 2mM

Transport of a fluorescence active drug (Doxorubicin or Hoechst 33342) by an ABC transporter in IOVs
was analyzed via fluorescence spectroscopy'®. In a cuvette (Hellma Analytics, Mullheim) all
components (Table 36) except the drug and ATP were pre-mixed. After 125 s, the fluorescence active
drug was added and after 250 s ATP initiated the transport reaction. Measurements were performed
for 600 — 700 s at 25°C. For Doxorubicin excitation wavelength was 480 nm and emission wavelength

590 nm. For Hoechst 33342 excitation wavelength was 355 nm and emission wavelength 457 nm.

59


Dania
Hervorheben


CHAPTER I
MATERIAL AND METHODS

12.NMR TECHNIQUES

General information

Influences by ligand interaction and mutations can be analyzed via NMR spectroscopy. In addition to
structural information dynamic, kinetic and thermodynamic properties caused by protein-ligand
interaction and/ or by protein mutagenesis are observable with NMR.

In this thesis chemical shift perturbation and changes in line widths were measured through H - °N
HSQC spectra. In addition, H/D exchange and {*H}, >N hetNOE measurements were carried out.

All NMR measurements were carried out with help from Prof. Dr. || | | | NN Or-
I O I O I o B (members of [N laboratory, Goethe
university of Frankfurt) and Prof. Dr. || NN

12,1, NMR sample preparation

All NMR samples were prepared with isotope-labeled proteins and 10 % v/v D,O as the lock
substance. The protein concentration of the samples was between 150 — 450 uM in a 500 pL standard
NMR-sample tube for Heteronuclear Single Quantum Coherence (HSQC), H/D exchange or
heteronuclear Overhauser effect (hetNOE) spectra. For referencing, 50 uM 4,4-dimethyl-4-
silapentane-1-sulfonic acid (DSS) was added to the NMR samples. For 1D *F NMR measurements, the
protein concentration of the sample ranged from 100 to 250 uM. For '°F chemical shift referencing,
3-bromo-1,1,1-trifluoroacetone (BTFA) was used.

12.2. NMR experiments: spectrometer, parameters and spectra analysis

All experiments were carried out on Bruker AVANCE NMR spectrometers with field strengths of 599,
600, 700, 800 and 900 MHz equipped with cryogenic triple resonance probes. Standard Bruker pulse
sequences used for recording the spectra are listed from Table 37 to Table 43.

NMR spectra were recorded at 298 K for LmrA, MsbA and BmrA constructs (Table 37 - Table 43). NMR
spectra were processed by Bruker TopSpin™ 2.1, 3.2 or 4.0.8 (Bruker, Karlsruhe) and analyzed with
CARAZ®,
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12.3. Pulse sequence information of NMR experiments

Standard Bruker pulse sequences were applied. In addition to the mentioned pulse sequences in the following tables ‘zgpr” was used to record 1D *H NMR spectra
of LmrA, MsbA and BmrA. All spectra of LmrA-NBD were recorded in 50 mM BisTris pH 6.5, 50 mM NaCl with 10% D,0. For MsbA-NBD and BmrA-NBD 50 mM
BisTris pH 7.0, 50 mM NaCl with 10% D,0 was used. Full-length BmrA spectra were measured in 50 mM Tris pH 7.0, 100 mM NacCl, 0.01% LMNG, 10% glycerol
with 10% D,0. For referencing 50 uM DSS was added to the samples.

Table 37: LmrA-NBD samples used for backbone chemical shift assignment experiments in the ADP-bound state (10 mM ADP)
Conc — concentration, Freq — spectrometer frequency, ns — number of scans, d1 — relaxation delay, TD — size of FID, SW — spectral width

1H 15N 13c
Sample/ Conc NMR experiment Bruker pulse Freq ns d1 [s]
labeling [uM] type sequence [MHz] off set SW off set SW off set SW
D [ppm] __ [ppm] | TD [ppm] [ppm] | TD [ppm] __ [ppm]
} 17.95 -
LmrA-NBD 15N TROSY-HSQC trosyf3gpphsil9.2 800 8  1.0-1.2 |2048  4.698 9 196,256 117.5 37-38
D518A/ ~ 400 18
2HISN13C TROSY-HNCACB trhncacbgp2h3d 800 16 1.0 2048  4.698  17.95 |64 117.5 37 192 38.998 71
LmrA-NBD 15N TROSY-HSQC trosyf3gpphsi19.2 800 4 1.2 2048  4.698  17.95 |192 117.5 37
Q430A ~ 265
2H15N13/C TROSY-HNCACB trhncacbgp2h3d 800 16 1.0 2048  4.698  17.95 |64 117.5 37 188 38.998 71
LmrA-NBD 15N TROSY-HSQC trosyf3gpphsi19.2 800 8 1.0 2048  4.699 16 256 117.5/118 38
H543A ~300
2H15N13/C TROSY-HNCACB trhncacbgp2h3d 800 8 1.2 2048  4.699 16 96 118 39 204 39 71
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Table 38: NMR parameters for LmrA-NBD and MsbA-NBD measurements used for NMR titration experiments (ADP, ATP and addition of magnesium)

Conc — concentration, Freq — spectrometer frequency, ns — number of scans, d1 — relaxation delay, TD — size of FID, SW — spectral width

1H 15N
il v I oL o se
D [ppm]  [ppm] | TD [ppm]  [ppm]
LmrA-NBD  ~ 200 15N TROSY-HSQC trosyf3gpphsil19.2 800 8 1.2 2048 4695  17.95 | 256 1175 37
D518A/ BN ~ 195 1SN TROSY-HSQC trosyf3gpphsi19.2 700 4 1.0 2048 4698 16 256 118 40
LmrA-NBD  ~ 180 15N TROSY-HSQC trosyf3gpphsi19.2 600 8 1.0 2048 4.7 18 200 118 38
Q430A/ 5N ~ 195 15N TROSY-HSQC trosyf3gpphsi19.2 599 8 1.0 2048 4697 16 200 118 42
h";;/;;\'\ﬁ?N ~200 15N TROSY-HSQC trosyf3gpphsi19.2 600 8 1.0 2048 4.7 16 200 118 39
LmrA-NBD ~ 180 15N TROSY-HSQC trosyf3gpphsi19.2 800 8 1.0 2048 4.7 14 200 118 38
SALD/ 5N ~180 15N TROSY-HSQC trosyf3gpphsi19.2 800 8 1.0 2048 4.7 16 200 118 40
LmrA-NBD  ~ 300 15N TROSY-HSQC trosyf3gpphsil19.2 599 4 1.0 2048 4695  18.12 | 200 118 39
SSLD/ N ~300 15N TROSY-HSQC trosyf3gpphsi19.2 600 4 1.0 2048 4698 18 200 1175 37
tgg;\'ji?\l ~195 15N TROSY-HSQC trosyf3gpphsil9.2 599 8 1.0 2048 4.69 16 200 118 38
LmrA-NBD g4 15N TROSY-HSQC trosyf3gpphsi19.2 599 4 1.0 2048 4695  18.12 | 200 118 39
K388A/ 5N
LmrA-NBD  ~ 156 15N TROSY-HSQC trosyf3gpphsi19.2 600 8 1.0 2048 469 16 200 1185 37
WT/ 2HBN
~ 156 15N TROSY-HSQC trosyf3gpphsi19.2 600 8 1.0 2048 4.7 16 256 1185 37
MsbA-NBD ~ 250 15N TROSY-HSQC trosyf3gpphsi19.2 599 8 1.0 2048 4.7 16 200 117 36
WT/ 5N ~250 15N TROSY-HSQC trosyf3gpphsi19.2 599 8 1.0 2048 4.7 16 200 117 37
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Table 39: NMR parameters for LmrA-NBD NMR experiments to analyze backbone dynamics

Conc — concentration, Freq — spectrometer frequency, ns — number of scans, d1 — relaxation delay, TD — size of FID, SW — spectral width

1H 15N
Sample/ Conc . Bruker pulse Freq
labeling [uM] NMR experiment type sequence [MHz] ns di[s] off set SW off set SW
D [ppm] _ [ppm] |TD [ppm] _ [ppm]
LmrA-NBD
D518A/ ~210 15N HetNOE 15Nhetnoe7.jf 600 64 1.0 2048 4.699 18 200 118 40
2H15N
LmrA-NBD
Q430A/ ~210 15N HetNOE 15Nhetnoe7.jf 600 64 3.0 2048 4.699 18 184 118 40
2H15N
LmrA-NBD
H543A/ ~ 220 15N HetNOE 15Nhetnoe7.jf 599 64 3.0 2048 4.699 16 232 118 38
2H15N
LmrA-NBD
~ 15 H
WT/  2HIBN 210 N HetNOE 15Nhetnoe7.jf 600 64 3.0 2048 4.7 18 184 118 40
LmrA-NBD
~ 15 i

WT/  2HBN 300 N HetNOE trnoeetf3gpsi3d.3 599 32 1.0 2048 4.695 18.1 200 117.5 38
NMR measurements performed for H/D exchange experiments
LmrA-NBD
V\TTF/ oqsy 200 SN TROSY-HSQC trosyf3gpphsi19.2 800 8 12 2048 47 16 200 118 38
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Table 40: NMR parameters for MsbA-NBD WT used for backbone chemical shift assignment experiments in the ADP-bound state (10 mM ADP) and to measure the apo state
Conc — concentration, Freq — spectrometer frequency, ns — number of scans, d1 — relaxation delay, TD — size of FID, SW — spectral width

1H 15N 13c
Sample/ Conc NMR experiment Bruker pulse Freq
labeling [uM] type sequence [MHz] ns di [s] off set SW off set SW off set SW
D [ppm] _ [ppm] | TD [ppm] [ppm] | TD [ppm] __ [ppm]

~ 240 15N TROSY-HSQC trosyf3gpphsi19.2 800 8 1.0 2048 4695  18. 256 116.5 37

TROSY-HN(CA)CO trhncacogp2h3d 900 16 1.0 2048 4699  16.3 88 116 36 128 175 22

21N TROSY-HN(CA)CO trhncacogp2h3d 600 16 1.2 2048 4.7 22 80 116.5 33 80 175 20

~5y0  TROSY-HNCACB trhncacbgp2h3d 900 16 1.2 2048 4693  17.9 72 115.5 35 200 40 70

TROSY-HNCO trhncogp2h3d 800 4 1.0 2048 4695 18 9% 116 36 9% 174 18

TROSY-HNCA trhncagp2h3d2 800 1.0 2048 4695 18 88 116 36 128 54 40
15N ~ 250 15N TROSY-HSQC trosyf3gpphsi19.2 599 1.0 2048 4.7 16 200 117.0 37
ISN-Tyr ~ 400 15N HsQC fhsqcf3gpph 800 1.0 2048 4698 16 200 119 28
15N-Phe ~210 13N TROSY-HSQC trosyf3gpphsi19.2 800 32 1.0 2048 4703 16 80 121.5 19
15N-Leu ~ 500 13N TROSY-HSQC trosyf3gpphsi19.2 800 32 1.0 2048 4703 16 80 117.5 35
15N-Val ~ 250 13N TROSY-HSQC trosyf3gpphsi19.2 800 32 1.0 2048 4703 16 80 120 30
15N-lle ~ 160 13N TROSY-HSQC trosyf3gpphsi19.2 800 224 1.0 2048 4703 16 208 117.5 35
B3CEN Pro 15N TROSY-HSQC trosyf3gpphsil9.2 599 128 1.0 2048 4697 198 200 117 35
15N-Lys ~390 13N TROSY-HSQC trosyf3gpphsi19.2 800 1.0 2048  4.695 18 96 122.5 25
15N-Arg ~220 15N TROSY-HSQC trosyf3gpphsi19.2 900 1.0 2048 4699  16.3 200 116 36
15N-Ser/Gly  ~200 15N HSQC fhsqcf3gpph 700 1.0 2048 4697 159 96 112 28
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Table 41: NMR parameters for BmrA-NBD WT used for backbone chemical shift assignment experiments in the ADP-bound state (10 mM ADP) and to measure the apo state
Conc — concentration, Freq — spectrometer frequency, ns — number of scans, d1 — relaxation delay, TD — size of FID, SW — spectral width

1H 15N 13c
T:l;:’ljilr(:g/ [C:“r;I(]: NMR experiment type Brszl;i;’:]:f ¢ [II:;:(:] ns di[s] off set SW off set SW off set SW
D [ppm] _ [ppm] |TD [ppm]  [ppm] | TD [ppm] _ [ppm]
15N TROSY-HSQC trosyf3gpphsi19.2 599 4 1.0 2048 4697 18 200 118 32
TROSY HNCO b_trhncogp3d.2 599 8 0.2 1024 4697 16 128 118 32 130 174 14
TROSY HNCO trhncogp3d 599 8 1.0 2048 4697 18 84 118 32 96 1735 14
ZHBNT3C ~ 250 TROSY HNCACO trhncacogp3d 599 8 1.0 2048  4.697 18 84 118 32 72 1735 14
TROSY HNCA trhncagp2h3d2 900 8 1.0 2048 4699 179 |88 118 30 128 53.2 40
TROSY HNCOCACB trhncocacbgp2h3d 900 8 1.0 2048 4699 179 |84 118 30 160 43 74
TROSY HNCACB trhncacbgp2h3d 900 8 1.0 2048 4699 179 |96 118 30 164 43 74
15N-Arg ~225 15N TROSY-HSQC b_trosyetf3gpsi.2 800 4 0.2 2048 4698 15 256 1165 33
15N-Trp ~220 15N TROSY-HSQC b_trosyetf3gpsi.2 800 4 0.2 2048 4698 15 256 1165 33
15N-Tyr ~380 15N TROSY-HSQC b_trosyetf3gpsi.2 800 4 0.2 2048 4.7 15 256 1165 33
15N-Phe ~ 440 15N TROSY-HSQC b_trosyetf3gpsi.2 800 4 0.2 2048 4.7 15 256 1165 33
15N-val ~ 440 15N TROSY-HSQC b_trosyetf3gpsi.2 800 4 0.2 2048 4.7 15 256 1165 33
15N-Lys ~225 15N TROSY-HSQC b_trosyetf3gpsi.2 800 4 0.2 2048 4697 15 256 1165 33
5N-Ile
BCISN-Pro ~275 15N TROSY-HSQC trosyf3gpphsi19.2 599 48 1.0 2048 4698 16 96 124 22
15N-Leu ~487 15N TROSY-HSQC trosyf3gpphsi19.2 599 1.0 2048 4698 16 96 123 18
15N-Ser/Gly ~ ~420 15N HSQC hsqcfpf3gpphwg 600 1.0 2048 4699 16 256 118 36
15N-Gly ~486 15N HSQC hsqcfpf3gpphwg 600 1.0 2048 4699 16 256 118 36
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Table 42: NMR parameters for LmrA-NBD 1D 15F NMR experiments

19F
?:E; rl)ll:g/ [c:'cﬁ NMR experiment type Brszl;i;zzfe [:;:2] ns di [s] off set SW
1D [ppm]  [ppm]
LmrA-NBD
W421F/ 1F ~ 100 1D NMR zgT2.ed 564.7 1024 1.0 4096 -110 100.62
Trp
LmrA-NBD
W457F/ 19F ~120 1D NMR zgT2.ed 564.7 1024 1.0 4096 -110 100.62
Trp
LmrA-NBD
WT/ 1BF ~240 1D NMR zgT2.ed 564.7 512 1.0 32768 -120 100.62
Trp
LmrA-NBD
WT/ 1BF ~270 1D N MR zgT2.ed 564.7 128 1.0 4096 -110 245.97
Trp
Table 43: NMR parameters for BmrA 1D °F NMR experiments
19f
Samp'le/ Conc NMR experiment type Bruker pulse Freq ns d1[s] off set SW
labeling [nM] sequence [MHz]
1D [ppm] _ [ppm]
1D NMR zgT2.ed 564.7 1024 1.0 32768 -120 201.25
1D NMR zgT2.ed 564.7 1024 1.0 32768 -120 201.25
BmrA-NBD/ 210 128,
9F Trp 1D NMR 2gT2.ed 5647 512, 1.0 4096  -110 246
32768
1D NMR zgT2.ed 564.7 512 1.0 4096 -110 246
Full-length
BmrA/ ~ 80
F Trp 1D NMR zgT2.ed 564.7 32768 1.0 4096 -110 246
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12.4. Backbone chemical shift assignments

12.4.1. LmrA-NBD D518A (D-loop), LmrA-NBD Q430A (Q-loop) and LmrA-NBD H543A (H-loop)
backbone chemical shift assignments

A large number of backbone chemical shifts of LmrA-NBD WT?” (261 aa, ~97%) in the ADP-bound
state (10 mM ADP) were transferable to the *H->N TROSY-HSQC spectra of the mutants LmrA-NBD
D518A, LmrA-NBD Q430A and LmrA-NBD H543A in the ADP-bound state. To verify the transferred
backbone assignments and to identify aa which were shifted in the spectra 3D HNCACB spectra of
ZHI5N3C labeled sample were recorded?” (Table 37).

12.4.2. MsbA-NBD WT backbone chemical shift assignment

A nearly complete backbone chemical shift assignment of MsbA-NBD WT (260 aa, ~78%) in the ADP-
bound state (10 mM ADP) was obtained via standard triple resonance TROSY based NMR experiments
of a ZH®N3C labeled sample: N TROSY-HSQC, TROSY-HNCO, TROSY-HNCA, TROSY-HN(CA)CO and
TROSY HNCACB spectra were recorded®”. For the backbone chemical shift assignment, amino acids
were selectively labeled (**N-Arg, *°N-Lys, ®N-Phe, °N-Leu, *N-Val, *N-lle, *N-Ser/**N-Gly and *°N-
Tyr) within MsbA-NBD WT and >N TROSY HSQC spectra were recorded for identification of those aa
in the spectra. Information about pulse sequences and NMR experiments for MsbA-NBD are listed in
Table 40.

12.4.3. BmrA-NBD WT backbone chemical shift assignment

For a nearly complete backbone chemical shift assignment of BmrA-NBD WT?% (259 aa, ~97.2% of all
non-proline residues, referring to NH) in the ADP-bound state (10 mM ADP) standard triple resonance
TROSY based NMR experiments®*’of a 2H®N3C labeled sample were recorded: >N TROSY-HSQC,
TROSY-HNCO, TROSY-HNCA, TROSY-HN(CA)CO, TROSY HNCACB, TROSY HN(CO)CACB. **N TROSY-
HSQC spectra of the selectively labeled amino acids >N-Arg, ©°N-Lys, ©°N-Leu, **N-Ile, °N-Ser/**N-Gly,
1>N-Val, *N-Phe, *N-Tyr, *N-Trp of BmrA-NBD WT in the ADP-bound state were also recorded for
the assignment. Information about pulse sequences and NMR experiments for BmrA-NBD are listed
in Table 41.
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12.5. H-*N HSQC protein spectra

IH - N HSQC spectra show correlations between *H and *N-nuclei of the amide groups in a protein.
In addition to the backbone amide groups, NH/NH> containing side chains can yield peaks in the
spectrum (Figure 9).

A 0]
H
"\llij )K(lgl Y Backbone “NH 0
H R 0

Side chains “NH

Figure 9: NH correlations seen in a 1H-1>N HSQC spectra

A) Backbone amide group NH correlation is mainly seen in a *H-15N HSQC spectra. B) Mainly backbone amide group NH
correlations are visible, but tryptophane side chain and asparagine and glutamine side chains do also occur. Dots indicate
continuing protein sequence. R — Amino acid residue side chain.

Chemical shift differences A6 of HSQC NMR titration experiments and HSQC experiments for
comparing WT against mutants were calculated with equation 42%%:30°,

A8comp = \/ASHZ + (46y/6.5)? 4

12.6. NMR titration experiments

If a ligand binds to a protein, this influences the chemical shift of the nuclei of the aa in the ligand
binding side. Furthermore, structural changes can be induced by the interaction with a ligand and
these effects are also visible through chemical shift changes. Finally, long-range effects of ligands or
mutations can be probed via chemical shift perturbation experiments.ose binding, which also affect
the chemical shift in a spectrum, whereby those can be also long-range effects far away from the
binding side. It is not possible to know the proportion of these parameters because their impact
occurs at the same time.

When the chemical shift of a given peak changes upon addition of a ligand, the dissociation constant
can be calculated, by plotting the ligand concentration against the chemical shift difference of the
apo state. The ko rate is much larger than the chemical shift difference for weak complexes (Kp > nM),
which leads to one signal in the NMR spectra for each titration step. The signal corresponds to the
average of free and bound state. This condition is called fast exchange on the NMR timescale3°%302,
When the kot rate of the complex is lower than the chemical shift difference a strong complex
(Kp < uM) formation occurs. This leads to dis- and reappearing of the signal in the spectra during
titration steps. This would be called slow exchange on the NMR time scale. For the monomeric NBDs
the one site binding model was applied to calculate the Kp values (equation 5).
Bmax ‘X
Y= Getm 5

Bmax - maximum binding capacity

ki - initial slope of the binding curve (= Kbp)
y - chemical shift difference

X - concentration of the added ligand
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For our calculations of Kp values from H->N TROSY HSQC experiments, 10% of the total amino acid
residues, which had significant chemical shift differences, have been used to calculate the Kp values
for binding of ADP or ATP to LmrA-NBD WT or its variants (D518A, Q430A and H543A). Concentrations
of the proteins ranged from ~150 — 200 uM for titration experiments.

For LmrA-NBD and MsbA-NBD, N TROSY-HSQC experiments were recorded while titrating
nucleotide (ADP, ATP) or magnesium (Table 44).

Table 44: Concentrations used for titrations of ADP, ATP and addition of magnesium for 1H->N HSQC or H-1°>N TROSY
HSQC experiments

Compound and
concentration

0 (apo state)

150 uM ADP/ATP
300 uM ADP/ATP
500 uM ADP/ATP
750 uM ADP/ATP
1 mM ADP/ATP
2.5 mM ADP/ATP
5 mM ADP/ATP
7.5 mM ADP/ATP
10 mM ADP/ATP
15 mM ATP

20 mM ATP

10 mM Mg?*

12.7. Hydrogen/ Deuterium (H/D) exchange

H/D exchange experiments were performed by [l (Table 39). °H,°N-labeled LmrA-NBD WT
was lyophilized and dissolved in D,O NMR buffer (Table 28). >N TROSY HSQC spectra for LmrA-NBD
in the apo state were recorded after ~25 min, ~45 min, 80 min, 116 min, 152 min, 188 min, 224 min,
260 min, 296 min, 332 min, 368 min, 404 min and 440 minutes. The *N TROSY HSQC spectra for the
ADP-bound state (with 10 mM ADP) were recorded after ~25 and the recorded every ~25 minutes
until 450 minutes were reached.

12.8. Backbone hetNOE analysis

The heteronuclear Overhauser effect (hetNOE) is a relaxation parameter. It describes the NOE
buildup between a proton and its attached heteronucleus. Information over flexible and rigid amide
groups are given by {*H}, ®N hetNOE. Two encapsulated spectra were recorded to obtain hetNOE
datasets, one with proton saturation (NOE) and one without proton saturation (no NOE).

Obtained signals were integrated with TopSpin 4.0.8. Integral ratio of datasets with proton and no
proton saturation (NOE/no NOE) were plotted into a table against the amino acid residues. 2H, *N
labeled LmrA-NBD constructs were used for these experiments (Table 39) and measured in the apo
or ADP-bound state (10 mM ADP).
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12.9. 1D F-NMR

F NMR measurements were carried out on a Bruker AVANCE 3 600 MHz spectrometer with a
Prodigy TCI cryoprobe (Bruker, Karlsruhe) using a standard pulse sequence (Table 42 and Table 43).
'H and F are measured in the same coil (and thus without proton decoupling during the °F
acquisition). °F chemical shift was referenced to BTFA (signal at -5.7 ppm)3°2. One method of titrating
was to add 100 mM ADP or ATP (pH 7) and subsequently 1 M MgCl, stock solutions. Another method
was to titrate with 90 mM MgADP (pH 7) or 90 mM MgATP (pH 7) stock solutions (Table 45).

Table 45: Concentrations used for titrations of (Mg)ADP, (Mg)ATP and magnesium addition for 1D 1°F NMR experiments

Compound and concentration

0 (apo)
75 uM ADP/ ATP/
MgADP/ MgATP
150 uM ADP/ ATP/
MgADP/ MgATP
300 uM ADP/ ATP/
MgADP/ MgATP
500 uM ADP/ ATP/
MgADP/ MgATP
750 uM ADP/ ATP/
MgADP/ MgATP
1mM ADP/ATP/
MgADP/ MgATP
2.5mM ADP/ ATP/
MgADP/ MgATP
5mM ADP/ATP/
MgADP/ MgATP
7.5 mM ADP/ ATP/
MgADP/ MgATP
10 mM ADP/ ATP/
MgADP/ MgATP
10 mM Mg?
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1. CONSEQUENCES OF NUCLEOTIDE BINDING TO THE NBD OF MULTIDRUG ABC TRANSPORTERS
1.1. Introducing the Model System

For ABC transporters, nucleotide binding to the NBDs initiates the catalytic cycle. ATP binding leads
to NBD dimerization and NBS closure, which is followed by ATP hydrolysis, TMD reorganization and
ultimately substrate release/ translocation across the membrane. However, studying NBD-NBD, NBD-
TMD or TMD-NBD interactions and the consequences of nucleotide binding in the context of the full-
length ABC transporter is difficult, as the individual contributions of interdomain interactions are
difficult to separate. Thus, trying to gain deeper insights into the direct structural and dynamic effects
of nucleotide binding within the NBD of ABC transporters, we took advantage of the well-behaved
soluble NBDs of the ABC exporters LmrA from L. lactis, MsbA from E. coli and BmrA from B. subtilis.
Those NBDs serve as optimal model systems to study intradomain dynamics and structural
consequences of nucleotide binding and to make comparisons across highly conserved proteins. This
should allow to obtain insights into the (dis)similarities of ABC transporter motor domain dynamics.

To obtain complementary views on the protein dynamics across different timescales, solution NMR
spectroscopy was combined with photoinduced electron transfer-fluorescence correlation
spectroscopy (PET-FCS) in collaboration with the |l sroup (University of Wirzburg). NMR
experiments yielding information on peak linewidths, H/D exchange as well as {*H}, ®°N hetNOE
measurements allow to derive protein dynamic information in the slow (us-s) and fast (ps - ns)
timescale while PET-FCS fills the dynamic gap in the intermediate timescale (ns - ms).

The isolated NBDs of the exporters LmrA, MsbA and BmrA can be expressed in E. coli in large
guantities. The structural integrity, oligomerization state and secondary structure of the three NBDs
were analyzed by CD spectroscopy and SEC (Figure 10). The NBD monomers have a molecular weight
of around 30 kDa and are thus amenable for solution NMR spectroscopy. The purified protein can be
concentrated up to 500 -600 uM without aggregating. Importantly, LmrA-NBD and BmrA-NBD
monomers showed no interactions (dimerization) as apparent from SEC runs (Figure 10D). To carry
out NMR experiments, beginning with backbone assighments, the NBDs were labeled with 2H, 3C and
15N. All three proteins yielded well-dispersed spectra thus showing that the proteins are properly
folded (Figure 12, Figure 13 and Figure 14).
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Figure 10: Protein characterization/ Structural integrity of LmrA-NBD WT (~28.9 kDa), MsbA-NBD WT (~29.1 kDa) and
BmrA-NBD WT (~28.6 kDa)

A) Gel filtration profile and CD spectrum of LmrA-NBD WT. B) Gel filtration profile and CD spectrum of MsbA-NBD WT. C) Gel
filtration profile and CD spectrum of BmrA-NBD WT. D) Probing different concentrations of LmrA-NBD WT with gel filtration
to analyze whether LmrA-NBD WT forms aggregates or oligomers. LmrA-NBD WT is a monomer as it runs at elution volumes
characteristic for a protein around 30 kDa. E) SDS-PAGE of purified LmrA-NBD, BmrA-NBD and MsbA-NBD from E. coli BL21-
Gold (DE3) cells. 5 ug protein were loaded onto a 15% SDS-PAGE and stained with Coomassie blue after the final purification
step (SEC run). LmrA-NBD, BmrA-NBD and MsbA-NBD WT constructs differ in their gel running behaviour although they are
similar in molecular weight. F) Analysis of the respective NBD’s secondary struture content based on their respective CD
spectra using the BestSel secondary structure analysis (http://bestsel.elte.hu/index.php?°%293) The data were compared to
the secondary structure content of the NBD crystal structures of other type | ABC exporters (type IV fold). The predicted a-
helical/turn/other like random coil/B-sheet content of the purified constructs is 29.9/13.5/46.2/10.4% for LmrA-NBD WT,
28.7/12.5/43.4/15.5% for MsbA-NBD WT and 31.0/13.3/40.1/15.6% for BmrA-NBD WT. The predicted a-helical/turn/other
like random coil/B-sheet content of the NBD crystal structures 28.8/11.9/38.5/20.9% for MisbA-NBD WT (PDB ID: 5IDV393)
and 28.9/9.8/37.9/23.5% for MsbA-NBD WT (PDB ID: 5DGX3%).

LmrA-NBD, MsbA-NBD and BmrA-NBD were all able to properly bind to nucleotides as shown by
'H-15N TROSY HSQC chemical shift perturbation experiments (Figure 16, Figure 17, Appendix 11 and
Appendix 12). The respective affinities for ADP and ATP were calculated for LmrA-NBD WT based on
chemical shift perturbations with the nucleotides across the physiologically relevant concentration
range?*? (Figure 11). Magnesium was added in excess (¥10 mM) compared to the cytosolic
concentration range of 1 — 2 mM ADP showed a higher affinity (Kp = 268 + 32 uM) compared to ATP
(Kp =3000 % 295 uM) for the LmrA-NBD. These values are in the range of previously described values
of homologous ABC transporters3? (Appendix table 4).
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Figure 11: Affinity of ADP and ATP for 1>N-LmrA-NBD determined by ‘H-'>N TROSY HSQC NMR titration experiments
ADP has a higher affinity than ATP to LmrA-NBD WT. Each curve presents the chemical shift values through the titration for
the amide resonance of one amino acid residue in an 1H->N TROSY HSQC NMR spectrum (12.6. NMR titration experiments).

73



CHAPTER II1:
RESULTS

1.2. Nucleotide binding to the NBD: Dynamic consequences for conserved motifs and allosteric
signal propagation

In TH->N HSQC or H-*N TROSY HSQC spectra, the correlation of non-exchanging NH bonds of the
protein backbone (as well as sidechains) are recorded. This leads to characteristic fingerprint spectra
for every protein. For LmrA-NBD, MsbA-NBD and BmrA-NBD WT well-dispersed *H-*>N TROSY HSQC
spectra in the ADP-bound state could be obtained (Figure 12, Figure 13 and Figure 14).

Taking advantage of the previously assigned H-N TROSY HSQC spectra of LmrA-NBD in the
ADP-bound state, (~95% of backbone resonances, 246 amino acids out of the total number of 261
amino acids?’®), backbone assighments of the protein in the apo (no nucleotides, ~87%, 226/261aa,
Appendix 13), ATP- (~83%, 215/261, Appendix 13), MgADP- (~68%, 178/261, Appendix 14) and
MgATP (~71%, 185/261aa, Appendix 15)-bound states could be determined by chemical shift
perturbation mapping in the course of this thesis.
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Figure 12: Backbone chemical shift assignment of LmrA-NBD in the ADP-bound state

(modified from Hellmich et al., 2012279)

2D 1H-15N TROSY HSQC spectrum recorded with a 400 uM sample of 2H, 13C, 1°N-labeled LmrA-NBD WT in the ADP-bound
state (10 mM ADP) at 298 K. Assigned residues are labeled with their residue name (single letter code, number according to
full-length LmrA). Crowded regions are shown as close-up views indicated by boxes.
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To complement the backbone NMR assignment of the LmrA-NBD, %H, 3C,°N labeled MsbA-NBD and
BmrA-NBD WT were prepared and measured with the same set of standard triple resonance pulse
sequence (12. NMR techniques). The de novo NMR backbone assignments of the isolated NBDs of
MsbA (~78%) and BmrA (~97.2%)?% in the ADP-bound state could be obtained in collaboration with

I (AG I Figure 13 MsbA-NBD assignment

ongoing and Figure 14).
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Figure 13: 2D H-15N TROSY HSQC spectrum of MsbA-NBD
Spectrum was recorded with a ~240 uM sample of 2H, 13C, *N-labeled MsbA-NBD WT in the ADP-bound state (10 mM ADP)
at 298 K (assignment currently ongoing).

The NH assignment of the NBD’s lysine, phenylalanine, tyrosine, arginine, valine, leucine, isoleucine,
serine, glycine and tryptophane are verified by using amino acid specific *>N-Lys, ®N-Phe, °N-Tyr, °N-
Arg, °N-Val, °>N-Leu, >N-lle, °>N-Ser/**N-Gly or **N-Trp labeled MsbA-NBD or BmrA-NBD, respectively
(12.4.2. MsbA-NBD WT backbone chemical shift assignment and 12.4.3. BmrA-NBD WT backbone
chemical shift assignment). For all three NBDs, the ADP-bound state was chosen to represent the
“nucleotide-bound state” for additional NMR-based experiments, because it yields the most
complete set of peaks.
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Figure 14: Backbone chemical shift assignment of BmrA-NBD in the ADP-bound state?8
2D 'H-15N TROSY HSQC spectrum recorded with a 280 uM sample of 2H, 13C, 15N-labeled BmrA-NBD WT in the ADP-bound
state (10 mM ADP) at 298 K. Assigned residues are labeled with their residue name (single letter code, numbering according
to full-length BmrA). Crowded regions are shown as close-up views indicated by boxes.
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In NMR spectra, both linewidth and peak position yield important information about local dynamics
and structural changes within a protein. A change in the chemical environment of an amino acid
residue will lead to a shiftin the position of the corresponding resonance. Causes for this can be direct
ligand interaction or allosteric propagation of binding sensed by this residue, i.e. the residue is distant
from the binding site. In the case of LmrA-NBD, MsbA-NBD and BmrA-NBD WT, fewer peaks are
present in the 'H->N TROSY HSQC in the apo compared to the ADP-bound state, i.e. that the
linewidths of some resonances decrease upon addition of ADP (Figure 15A/B, Appendix 17). This
indicates that these residues are in intermediate exchange in the absence of a nucleotide, thus
implying protein backbone fluctuations in the ps — ms timescale. However, even in the presence of
ADP, not all resonances become visible thus indicating that further residues are always in a dynamic
state leading to line broadening in the NMR spectrum.
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Figure 15: Effects of ADP binding to isolated ABC transporter NBDs

A) Overlay of *H-1>N TROSY HSQC spectra of >N-labeled LmrA-NBD in the apo (gray) and ADP-bound states (10 mM ADP,
blue). B) Number of peaks observed in the 1H-1>N TROSY HSQC spectra of 1°N-labeled LmrA-NBD, MsbA-NBD and BmrA-NBD
in ADP-bound (blue) and in apo states (gray) differs from total number of amino acids in each NBD. LmrA: NBD: total - 261,
apo - 226, ADP - 246; MsbA-NBD: 260/223/260; BmrA-NBD: 259/229/234 (Appendix 11 and Appendix 12).

Here, a detailed analysis of amino acids whose resonances are affected by ADP binding was carried
out for LmrA-NBD WT. In the following, three ways of effects are discussed within this subchapter
(Figure 16A and Figure 17A): (i) line sharpening and chemical shift changes (“appearance of peaks
upon ADP addition”) (ii) major chemical shift changes (>1 o); (iii) minor (<1 o) or no linewidth and
chemical shift changes. Here (i) corresponds to the detected line sharpening of peaks by adding ADP
to °N-labeled LmrA-NBD, which reflects the quenching effect upon addition of ADP (blue spheres in
Figure 17A).

All residues in the first category, i.e .those with severely line broadened peaks in the apo state are
found in or in close proximity to the NBS (Y358, S384, G385, G387-5393, Y399 and H543) and belong
to the A-loop (Y358), the Walker A motif (5384, G385, G387-T390) and the H-loop (H543A) (Figure
17A). Most but not all “missing peaks” appear when titrating ADP to the LmrA-NBD (Figure 16A).
Once ADP is bound, the motions these amino acids experience in the apo state are quenched and
thus the peaks become visible in the resulting H->N TROSY HSQC spectrum. “Missing resonances”
and chemical shift differences between apo and ADP-bound state of LmrA-NBD are represented in
Figure 17A with a bar graph diagram and plotted on a homology model of LmrA-NBD based on
Sav1866 (PDB ID: 2HYD?**) for better visualization of the regions of the NBD whose dynamics are
presumably quenched upon nucleotide binding (blue spheres in Figure 17A).
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Residues in the second category, i.e. those displaying significant chemical shift changes, can be found
for example in the conserved Q-loop (5429, Q430, D431 and S432), Walker B motif (1507, M509-E512)
and D-loop (S516, L517) (Figure 16A (ii) and Figure 17A). For residues in the X-loop and the ABC motif
(C-loop) no changes in their chemical shifts were detected upon ADP addition, so they belong to the
third category.

In summary, the residues whose resonances were affected strongly by ADP addition can be found in
the conserved motifs A-loop, Walker A motif, Q-loop, Walker B motif and H-loop, which are part of
the NBS (3.3.2. Nucleotide binding domains: constitution and function, Figure 16A and Figure 17A).
These residues thus “sense” ADP binding. The D-loop, which is responsible for NBD-NBD
communication and sits C-terminal to the Walker B motif, also “senses” ADP binding.
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Figure 16: Conserved motifs sense nucleotide binding and can distinguish between ATP and ADP

A) Overlay of 1H-1>N TROSY HSQC spectra of 1°N-labeled LmrA-NBD WT in the apo (gray) and ADP-bound states (10 mM ADP,
blue). Close-up views of the 1H-1>N TROSY HSQC spectra, showing selected chemical shift changes of conserved motifs during
ADP titration (0 — 10 mM, color key is represented below the close-up views). Direction of peak shifts are indicated by arrows.
Resonances which are not present in apo state are marked with dashed gray lines. B) Close-up views of selected residues
from 1H-15N TROSY HSQC spectra of conserved motifs (D-loop or Q-loop) in LmrA-NBD and MsbA-NBD WT that were found
to distinguish between ADP (blue) and ATP (red) binding. The Q-loop glutamine residue for MsbA-NBD WT could only be
assigned within the ADP-bound state, hence no analysis could be performed. For BmrA-NBD WT titration experiments are
not complete, hence no more information for the residues is currently available.

In addition, residues which sense ADP binding are not only located in the NBS but found also remotely
from the NBS (Figure 17A), e.g. in the C-terminal region (N569 and E570 in a10; H575, Y578, A579,
V582, S583 and Q585 in all and L586-G589) and the coupling helix groove (1425-5432), where the
NBDs connect to the TMDs. This indicates the presence of a long-range allosteric communication
network within the NBD which reacts to nucleotide (or at least ADP) binding.
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Since the ADP-bound state reflects the post-hydrolysis state, but the conformational cycle of an ABC
transporter begins with ATP binding, the effect of the triphosphate nucleotide was also probed.
Addition of ATP to the °N-labeled LmrA-NBD showed similar but not identical effects to ADP (Figure
17B). In contrast to what was observed upon ADP addition, the resonances for the H-loop (H543), A-
loop (Y358) and Walker A motif (S384, G385, G387-T390) residues did not appear as the ATP titration
progressed. ATP (Mg?*) addition did also not result in line sharpening of the residues in the NBS
(Appendix 14, Appendix 15 and Appendix 16).

Those observations indicate that the residues in the NBS are less dynamic in the ADP-bound state
than the apo state or ATP-bound state. A lower affinity for ATP (Kp = 3000 + 295 uM) was noted in
comparison to ADP (Kp =268 +32 uM). Moreover, upon ATP binding, significant chemical shift
perturbations were found for residues in the conserved motifs Walker A motif (G382, G386), Q-loop
(5429-5432), Walker B motif (1507, M509-E512) and the D-loop (A515-D518) (Figure 17B). Besides the
conserved motifs, residues in the coupling helix groove (1425-S432) and the C-terminal region (H568,
N569 and V572 in al10; Y578, A579, Y581-Q585 in all and L586-G589) also showed chemical shift
perturbations upon ATP binding (Figure 17B). Furthermore, the C-loop residue G489 was affected by
addition of ATP whereas the X-loop residues showed no significant chemical shift change.

Intriguingly, specific NBD residues in the Walker A motif (G382 and G386), the Q-loop (5429 and
Q430), the C-loop (5488 and G489), the Walker B motif (M509-E512), the D-loop (A515-D518), the
coupling helix groove (1425, G426, V428-Q430) and the C-terminal region (in a10 E570, in a1l A579,
Y581 and S583 and in the disordered C-terminal region L586-G589) were found to have distinct
chemical shifts depending on whether ADP or ATP was added to the NBD (Figure 16B and Figure 17C).
This observation indicates that those regions can distinguish between ADP and ATP binding, which
may have important implications for the role the NBD plays in the progression of the ABC
transporter’s catalytic cycle that go beyond merely mediating ATP hydrolysis.
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Figure 17: Effect of nucleotide binding to the isolated ABC transporter LmrA-NBD

80



CHAPTER II1:
RESULTS

Effect of nucleotide binding to the isolated ABC transporter LmrA-NBD

A) Effect of ADP binding monitored through chemical shift changes. Bar graph showing chemical shift differences between
apo and ADP-bound state for LmrA-NBD WT. Blue indicates residues whose peaks are only present in the 1H-1>N TROSY HSQC
spectra of the ADP-bound state. B) Effect of ATP binding. Blue or violet indicate residues whose peaks are only present in the
ATP-bound or apo state. C) Residues capable of distinguishing between ADP and ATP binding. Bar graph showing the
comparison of chemical shift differences between ATP and ADP-bound state for LmrA-NBD. In all plots (A, B and C), amino
acid numbering is based on the full-length transporter. Above the bar graphs of A, B and C, the corresponding secondary
structure elements of LmrA-NBD are displayed. Lighter gray indicates the a-helical subdomain. Gray boxes represent residues
of conserved motifs of the NBD. Yellow and red dotted lines indicate 1 o and 2 o standard deviation. Downward orientated
bars represent peaks only present in the apo, ADP-bound or ATP-bound state. Above the bar graphs (A, B and C), chemical
shift changes are shown plotted on a ribbon surface representation of a LmrA-NBD homology model based on Sav1866
(PDB ID: 2HYD?*). View on the NBD-NBD interface (left) and view on the coupling helix groove (right) are shown. Color
gradient from yellow to red represents increasing chemical shift differences from >1 o (yellow) to >2 o (red). C-terminal LmrA-
NBD homology model ends at residue T587. Residues with AS values below 1 g, residues whose A values could not be
determined reliably (missing in plots of A, B and C) or remain unassigned (missing in plots of A, B and C) are shown in gray
in the ribbons surface representations of A, B and C.
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1.3. Complementary analysis of protein dynamics across different timescales

The observations made in the 2D *H-1N TROSY HSQC spectra for the LmrA-NBD shown above suggest
that the apo state NBD has intrinsic flexibility that is quenched by ADP binding. These NMR
experiments give information about slow NBD backbone dynamics in the ms —s timescale. To gain
more insights into the NBD’s dynamic behavior on complementary timescales, additional hydrogen/
deuterium exchange, {*H}, >N hetNOE and PET-FCS experiments (in the latter case for MsbA-NBD)
were carried out. Since the ADP-bound state gave rise to the largest number of resonances in the
IH-15N TROSY HSQC spectrum, this state was treated as the representative nucleotide bound state for
further NMR experiments.

1.3.1. Slow NBD dynamics of LmrA-NBD on the ms - s timescale are quenched by ADP

NH bonds can be strongly polarized because of their difference in electronegativity, this leads to the
effect that protons exchange with the solvent (buffer). In agueous solutions this exchange is acid
(H30*) and base (OH") catalyzed, whereas base catalysis is much more efficient. This leads to a strong
pH-dependence of the H/D exchange. Additionally, exchange is dependent on temperature. In
unfolded peptides and proteins exchange occurs within the ms - s timescale. When amide hydrogens
as part of hydrogen bonds are protected from the solvent, exchange is drastically slowed down (up
to hours or weeks)*®. Thus, in folded proteins H/D exchange is mainly observed in transiently
unfolded regions or partly folded conformations and the speed of exchange depends on the presence
of such H/D exchangeable conformations.

In agreement with the dynamic quenching observed through the decrease in line width upon ADP
addition (Figure 16A (i) and Figure 17A), a reduction in H/D exchange (Figure 18) was observed for
1>N-labeled LmrA-NBD in the presence of ADP compared to the apo state. This may be another
indication of NBD stabilization in the post-hydrolysis state. In the H/D exchange experiments of the
LmrA-NBD, H/D exchange for the apo and ADP-bound state were compared (Figure 18). °N-labeled,
protonated protein was lyophilized and taken up in deuterated buffer for the recording of
consecutive H->N TROSY HSQC spectra. Temporal resolution for those experiments was limited to
the time which one 2D spectrum could be recorded (~20-25 min). Within the first ~25 min, mainly NH
protons of solvent-exposed residues in flexible regions as loops and the N- and C-termini exchanged
in either the apo or ADP-bound states (Figure 18). An exception were residues in the loop between
B-sheet 1 and 2 (V354-F356 and F364-S369) and residues in the loop at the C-terminal end of the
Walker A helix (L395-Y399, al), which were stabilized by ADP binding.

Other regions with quick exchange rates (<~25min) include the Q-loop, which indicates flexibility in
this hinge region between the a-helical and the catalytic subdomain. Another region that showed
exchange after <~25min in both the apo and the ADP state were the amide protons of the N-terminal
end of the D-loop helix (a8, S519-A528). In contrast, the residues on the C-terminal end of the D-loop
helix (L529, D530, L532 and M533) showed slower deuteration in both states, with the ADP-bound
state exchanging slightly more slowly than the apo state.

The differences in H/D exchange between apo and ADP-bound state are particularly pronounced for
residues in the core B-sheets of the catalytic subdomain close to the NBS (B5, 1425/G426; B6, 1507-
L510; B7, T537-A542; B8, K553-F556 and B9, E561/1562/G564). All of these residues show significantly
decreased exchange in the presence of ADP. Notably, B5 is located in the coupling helix groove, which
builds a structural connection from the NBD to the TMDs.
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Figure 18: H/D exchange for LmrA-NBD in the apo and ADP-bound state

A) NMR-based H/D exchange experiments with 2H-'>N-labeled LmrA-NBD in the apo (top) and ADP-bound (10 mM ADP
bottom) state. Plotted are the time points when no peak signal intensity (integral) within 1H-15N TROSY HSQC spectra was
seen anymore, against the residue numbers. Amino acid numbering is based on the full-length transporter. B) Data from
H/D exchange as shown in A are plotted on a homology model of LmrA-NBD based on Sav1866 (PDB ID: 2HYD3?). C-terminal
LmrA-NBD homology model ends at residue T587. Views on the NBD-NBD interface (left) and view on the NBD surface (right)
are shown. “Missing” data points in the plots of A indicate either prolines, chemical shifts which could not determined reliably
or unassigned residues. Those residues are colored in gray in the plots in B. Above the diagrams in A, the corresponding
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secondary structure elements of LmrA-NBD are displayed. Lighter gray indicates the a-helical subdomain. Gray boxes
represent residues of conserved motifs of the NBD.

With regard to the conserved motifs, a stabilizing effect (i.e. reduction of H/D exchange) could also
be observed for residues within the X-loop (T478 and V480), the D-loop (A516) and the Walker B
motif (1507, M509 and L510) upon ADP addition. The Walker B residues 1507, M509 and L510 showed
no exchange throughout the entire analyzed time frame of 450 min in the presence of ADP. A slow
exchange for these residues is not surprising because they are located in a B-sheet (f6). However,
this also means that in the apo state, this region, despite presenting the structural core of the NBD is
somewhat dynamic. An exception presents residue L508 of the Walker B motif, which shows
exchange in neither apo nor ADP-bound state throughout the measured time frame of ~450 min. The
conserved aspartate residue (D511) of the Walker B motif remained flexible in both the apo and the
ADP-bound states (i.e. fast exchange in either case). The resonance for the conserved catalytic
glutamate of the Walker B motif (E512) could only be determined in the ADP-bound state, where it
had a fast H/D exchange. In the D-loop (SALD motif), the stabilization of the alanine residue upon ADP
binding was minor, here the amide proton exchanged after ~50 min. Other residues for which ADP
slowed deuteration are found in the helix a3 (R422) and in the C-terminal helices 210 (L571 and V572)
and all (Y581-E584). Intriguingly, the a-helical subdomain showed a reduced H/D exchange for
residues in both the apo and ADP bound states (R440, L443, Y445, D455-L460, L462, A463, V469,
E470, M472, L495, A496, A498-F501) compared to the catalytic subdomain.

Together, the data show that there are regions that are strongly affected by nucleotide binding and
that the presence of the ADP in general seems to stabilize the LmrA-NBD.
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1.3.2. LmrA-NBD backbone dynamics in the apo and ADP-bound state in the ps - ns timescale
probed by {*H}, °N hetNOE experiments

In addition to the NMR-based linewidth analysis and H/D exchange measurements that “look” at NBD
motions in the “slower” ms — s regime, {*H}, >N hetNOE experiments can be used to study very fast
motions in the ps — ns timescale. This technique is based on detecting fluctuations of the NH bond
vector and thus completes insights in the residue specific NBD backbone dynamics on multiple
timescales3%.

For the LmrA-NBD WT, {*H}, >N hetNOE experiments were carried out with and without nucleotide
(Figure 19A/B). Rigid regions within the protein, which are mostly folded domains, display {*H}, °N
hetNOE values close to 1.0. Here, the resonance intensity between the hetNOE experiment value is
similar to the hetNOE experiment without NOE (12.8. Backbone hetNOE analysis). Very flexible
protein backbone regions show hetNOE values close to 0. The hetNOE data for the LmrA-NBD in the
apo and ADP-bound states (Figure 19A/B) specify structured regions (a-helical and B-sheet regions)
to be rigid as indicated by {*H}, >N hetNOE values > ~ 0.6%7 (Figure 19A/B). Hence {*H}, >N hetNOE
values are reflective of the secondary structure elements in the NBD. To visualize the backbone
dynamics with and without nucleotide, {*H}, >N hetNOE values were mapped on a LmrA-NBD
homology model based on Sav1866 (PDB ID: 2HYD?*, Figure 19C/D).

In both the apo and ADP-bound states (Figure 19), three very flexible regions can be noted, the
disordered N-terminus (D330-G346), residue G449 within the a-helical subdomain between helices
a4 and a5 and the disordered C-terminus (T587-Q590). With regard to interpretations of the
flexibility of the N-terminus, one must consider that in the context of the full-length transporter the
transmembrane domains are attached here. Nevertheless, as there is a long connecting loop region
between NBD and TMD, it is possible that this region is highly flexible also in the full-length
transporter. Further flexible residues were found in the loop between B-sheet 2 and 3 (Q373-5376),
the C-terminal end of the Walker A helix (L395) and in the loop between helix a7 and B-sheet 6 (K506).
Flexibility of residues in both recorded states were further obtained in or in vicinity of the conserved
motifs Q-loop (S429, D431, A433 and G437), X-loop (G481-G484) and D-loop (S516-D518).

Interestingly, when examining the hetNOE values of LmrA-NBD in the apo state (Figure 19A/C)
residues of the secondary structure elements 1 (A351), B4 (E405), a5 (D461), a8 (E520) and the C-
terminal helices 10 (E570) and al11 (Y581) could be identified to be flexible.

More peaks are visible in the HSQC spectrum of the ADP-bound compared to the apo state NBD. Thus,
more residues were accessible to evaluate their {*H}, N hetNOE values in the ADP-bound state
(Figure 19B/D). This means that residues between B-sheets 1 and 2, where the A-loop residue (Y358)
resides, could also be investigated. While some of them were dynamic (D360-E362) others were
found to be rather rigid (A357 and Y358). Residues of the Walker A helix (al) in general appeared to
be rigid. An exception is residue Y399 in the C-terminal loop of al.
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Figure 19: Backbone dynamics of LmrA-NBD in the apo and ADP-bound state determined via {*H}, ‘>N hetNOE

measurements

A, B) {1H}, 15N hetNOE values of the backbone amides for the apo (gray) and ADP-bound state (10 mM ADP, blue) of LmrA-
NBD WT plotted versus the residue numbers. The error bars represent the standard deviation of the mean from two
consecutive hetNOE measurements. Gray boxes represent residues of the conserved motifs of the NBD. The corresponding
secondary structure elements of LmrA-NBD are displayed in a topology model on top of the graphs (A and B). Lighter gray
indicates the a-helical subdomain. C, D) {1H}, >N hetNOE values of the backbone amides of LmrA-NBD WT in the apo state
(C) or the ADP-bound state (D) are plotted onto the LmrA-NBD homology model based on Sav1866 (PDB ID: 2HYD34). C-
terminal LmrA-NBD homology model ends at residue T587. NBD-NBD interface (left). Color key is shown below the NBD
structures. Thicker tubes indicate mobile amino acids and thinner tubes rigid amino acids. Missing data points in the structure
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are shown in thin gray tubes and indicate prolines, residues which were not assigned or {*H}, 1°>N hetNOE values which could
not be determined reliably. Amino acid numbering is based on the full-length transporter. E) Ribbon representation of the
NBD monomer, view from the NBD-NBD interface (LmrA-NBD model based on Sav1866, PDB ID: 2HYD?*), showing the
secondary structure elements. Below the NBD monomer the according secondary structure elements of the NBD are
displayed, where lighter gray indicates the a-helical subdomain and the conserved motifs are highlighted in dark gray.

For a detailed view which regions of the NBD become more/less mobile in the apo compared to the
ADP-bound state, the A hetNOE values were plotted on a cartoon representation of a LmrA-NBD
homology model based on Sav1866 (PDB ID: 2HYD?*, Figure 20A/B). 95 amino acids showed strong
differences (>1 o) in dynamics upon addition of ADP (Figure 20C), with 45 residues displaying a higher
and 50 residues lower rigidity compared to the apo state.

Interestingly, a high number of the residues that become more rigid upon ADP binding are found
within the catalytic subdomain, especially in B-sheets B1 (A351), B2 (E371), B3 (1378), B4 (E405) and
B9 (T563 and S566). As seen in the 'H->N TROSY HSQC and H/D exchange NMR experiments, these
residues are localized in and around the NBS. ADP binding also induced rigidity in residues of the
C-terminal helices 010 (E570-T474) and a11 (Y578-V582). In contrast, more residues between a2 and
B6 exhibited a higher rigidity in apo than in the ADP-bound state, which is indicated in yellow in the
plots of Figure 20A and B. This finding indicates that the a-helical subdomain is more rigid in the apo
state. Exceptions of residues that became rigidified in this subdomain upon ADP are residues L462 in
helix a5, F464 in the kink between helices a5 and a6 and, in a minor fashion, residues V480 and G481
of the X-loop.

When looking at other conserved motifs, it was seen that the Q-loop residue Q430 became more rigid
upon nucleotide binding. In the D-loop and the C-terminal D-loop helix (a8), nucleotide induced
rigidity (D518, E520, E522, M524, L529 and M533) as well as mobility (A515, S519, S521 and R527)
were observed. Furthermore, residues of the C-terminal end of the Walker A helix (al) were also
found to display contrary dynamic effects, with L395 becoming more rigid, and R397 more mobile
upon nucleotide addition.
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Figure 20: Differences in backbone dynamics on the ps — ns timescale of LmrA-NBD WT between apo and ADP-bound
states

A) Overlay of the {1H}, >N hetNOE values of the backbone amides of LmrA-NBD WT in the apo state (gray) compared to the
ADP-bound state (blue) plotted versus the residue numbers (Figure 10). B) Difference in {1H}, 15N hetNOE values between
LmrA-NBD WT in the apo and ADP-bound state plotted on a LmrA-NBD homology model based on Sav1866 (PDB ID: 2HYD?4,
nucleotide shown as black sticks). Red indicates {1H}, °N hetNOE values of LmrA-NBD WT in the ADP-bound state to be
higher than in the apo state, i.e. the ADP-bound state is more rigid at this position in the protein than in the apo state. Yellow
indicates {H}, 1°N hetNOE values of LmrA-NBD WT in the apo state to be higher than the {1H}, 1N hetNOE values of LmrA-
NBD WT in the ADP-bound state, i.e. the apo state is more rigid at this position in the protein than in the ADP-bound state.
C-terminal LmrA-NBD homology model ends at residue T587. C) Number of amino acids that become either more rigid (red)
or more flexible (yellow) in the ADP-bound state compared to the apo state of LmrA-NBD WT. Out of the 218 amino acids,
for which the amide resonance could be assigned in both the apo and the ADP-bound states, 45 residues are more rigid in
the ADP-bound state, and 50 are more rigid in the apo state. [I] 43 aa residues cannot be evaluated as they remain
unassigned in either apo state, ADP-bound state, or both states. 123 aa are either completely unaffected or have low (<1 o)
differences in hetNOE values between the two states.
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1.3.3. MsbA-NBD dynamics in the ns - ms timescale probed by PET-FCS

Photoinduced electron transfer-fluorescence correlation spectroscopy (PET-FCS) uses the
phenomenon of fluorescence quenching through photoinduced electron transfer (PET)?°. PET
guenches a synthetic fluorophore (e.g. AttoOxal1) attached to a cysteine in the vicinity (< 1 nm) of a
tryptophane residue acting as the amino acid quencher by van der Waals interactions?®. This
technique is able to monitor motions on the ns — ms timescale thus complementing the NMR based
approaches.

Previous electron paramagnetic resonance (EPR) data3®® as well as our solution NMR data allow to

elucidate movements between the a-helical and the catalytic subdomain within the NBD upon
nucleotide binding (Figure 21A/B). Residue M524 in the helix a8 of the catalytic subdomain of the
NBD of LmrA was successfully mutated to a cysteine to introduce a maleimide spin radical for EPR
spectroscopy without affecting transporter activity?®*. The ability of residue M524 to report on
nucleotide binding was also seen in chemical shift perturbation experiments (Figure 21B). Hence,
residue M524 seemed to be a promising candidate to insert a solvent exposed tryptophane residue
(M524W) for PET-FCS experiments. In addition, a serine residue in the helix a6 of the a-helical
subdomain was mutated to cysteine (5467C) to act as a vicinal fluorophore labeling position. Thus,
motions between the a-helical subdomain and catalytic subdomain, and their changes upon
nucleotide binding, can be addressed. The homologous PET position was created in MsbA-NBD and
BmrA-NBD through the introduction of cysteine/tryptophan mutants (MsbA: D461C and A518W;
BmrA: N459C and S516W, Figure 21C and Appendix 18).
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Figure 21: PET-FCS reporter positions within the NBDs of LmrA, MsbA and BmrA

A) PET-FCS principle and design. Cartoon representation of MsbA-NBD (PDB ID: 6PBL, nucleotide added) with residues for
PET highlighted in blue and red. B) Chemical shift change for the LmrA-NBD M524 backbone amide resonance upon
nucleotide addition (black - apo state, red — nucleotide bound state) C) Alignment of LmrA, MsbA and BmrA sequences.
Residues mutated to yield PET-FCS reporter positions are highlighted in blue (position of the tryptophane) and red (position
for cysteine for attachment of the fluorophore).
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Unfortunately, only the PET reporter pair in the MsbA-NBD D416C, A518W vyielded usable PET-FCS
results. Autocorrelation functions (ACFs) of fluorophore-labeled MsbA-NBD D461C-A518W were
recorded under various conditions, without nucleotide (apo state), with nucleotide (ADP, MgADP,
ATP or MgATP) or with magnesium ions (Mg?*) (Figure 22). All ACFs exhibit decays at a lag time (1p)
of ~1.69 to 1.89 ms that arose from translational diffusion (Brownian motion) of the MsbA-NBD
molecules through the detection volume of the PET-FCS instrument (Figure 22, 10.4. Photoinduced
electron transfer — fluorescence correlation spectroscopy (PET-FCS)). These values are appropriate
for a protein of the size of MsbA-NBD (~29.1 kDa). Additional exponential relaxations (11, T2, 13) on the
nanosecond to microsecond (ns - us) time scale have been obtained and potentially arose from the
dynamic interaction of the two PET reporters (C461 labeled with AttoOxall and W518) in MsbA-NBD
(Figure 22). Thus, control samples which lacked the engineered tryptophane residue (MsbA-NBD
D461C labeled with AttoOxal1) were prepared and measured without nucleotide (apo state), with
nucleotide (ADP, MgADP, ATP or MgATP) or magnesium (Mg?*) (Figure 22). In these controls, the
previously observed additional decays were absent, thus showing that the observed decays in the
presence of the tryptophane residue indeed resulted from PET quenching. Residual decays observed
in the ps time scale for some of the control samples can be explained by the fact that the AttoOxall
is an environmentally sensitive fluorophore that translates structural fluctuations associated with
changes in polarity of its microenvironment into minor modulations of fluorescence intensity?%*, It
can be concluded that the decays in the ns - us timescale result from intramolecular PET-induced
fluorescence fluctuations caused by conformational switching of W418, of C461 labeled with
AttoOxall or of both W418 and C461 labeled with AttoOxall. Hence, this position can be used to
observe relative, global motions between the a-helical and the catalytic subdomain in the NBD of
MsbA. The obtained sub-millisecond decays for the measured samples of MsbA-NBD D461C-A418W
are dominated by a single kinetic phase with a relaxation time constant ;. A second, and for two
conditions (MgADP and MgATP, Figure 22B/D) even a third kinetic phase with t,and t3is underlying
the dominant kinetic phase (t1). We observed different PET-FCS values for MsbA-NBD D461C-A518W
in the different states (apo; Mg?*; ADP; ATP; MgADP; MgADP). There are no differences between the
relaxation time constants of the dominating kinetic phases or the underlying second kinetic phases
when comparing the apo state (t; = 12.0 £ 5 ps, T2 = 0.9 £ 0.009 us) with the ADP-bound (t; =27 £ 13
ps, 2= 1.4+ 0.5 ps) or the ATP-bound state (t; =17 £ 7 ps, t2= 1.1 £ 0.5 ps) (Figure 22A/C). However,
T, of the dominating phase in the presence of MgADP (t;= 255 + 82 us) or MgATP (t1= 62 + 21 ps)
show significant differences compared to the apo state (t1= 12 + 5 ps) and Mg?* (t1= 20 + 5 ps) state.
Those differences in kinetic phase values are highlighted in blue and light orange in the tables in
Figure 22A/B/C/D and indicate a decrease in dynamics between a-helical and catalytic subdomain in
the presence of MgADP and MgATP compared to the apo state or with magnesium. The PET-FCS
experiments on the MsbA-NBD thus lead to two observations: (i) addition of MgADP and MgATP is
translated to changes in dynamics between a-helical and catalytic subdomain. Nucleotide binding is
thus propagated to regions distant from the NBS. (ii) a-helical and the catalytic subdomain undergo
changes in dynamics, specifically a reduction in subdomain dynamics (rigidification) upon addition of
MgADP or MgATP.
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Figure 22: PET-FCS analysis of nucleotide binding within the NBD of MsbA

A, B, C, D) PET-FCS autocorrelation functions G [t] (left) recorded from MsbA-NBD D461C-A518W mutant labeled with
AttoOxall under different conditions in the apo state (black, A, C), with Mg?* (black, B, D), in the ADP-bound (blue, A),
MgADP-bound (blue, B), the ATP-bound (light orange, C) and MgATP-bound state (light orange, D). MsbA-NBD D461C
labeled with AttoOxa11 was used as a control and measured also under different conditions in the apo state (red, A, C), with
magnesium (red, B, D), in the ADP-bound (gray, A), MgADP-bound (gray, B), ATP-bound (gray, C) and MgATP-bound state
(gray, D). Due to the lack of a quenching Trp residue in the vicinity, the autocoreclation functions observed for AttoOxal1-
labeled MsbA-NBD should not decay due to PET but only due to molecular diffusion. Next to the autocorrelation functionsin
A, B, Cand D are the tables with kinetic parameter determined for MsbA-NBD D461C-A518W and MsbA-NBD D461C labeled
with AttoOxall from the PET-FCS measurements under different conditions (apo state, with magnesium, ADP-bound state,
MgADP-bound state, ATP-bound state and MgATP-bound state) shown. Errors are standard deviations of three
measurements (technical replicates). n.a. — not available. Blue and light orange highlight the observed differences in PET
kinetics with and without nucleotide.
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2. ROLE OF CONSERVED MOTIFS IN THE NBD OF MULTIDRUG ABC TRANSPORTERS
2.1. Introduction

Almost five decades of research have been carried out to elucidate the molecular details of ABC
transporters functional mechanism. However, it remains unclear how exactly ATP hydrolysis leads to
substrate transport across a membrane. The role of many highly conserved motifs within the NBD
that are involved in ATP binding and hydrolysis, are not yet fully understood. Carrying out solution
NMR spectroscopy on the monomeric LmrA-NBD WT revealed that conserved motif residues
including in the Walker A motif, D-loop, Q-loop and H-loop can “sense” nucleotide binding
(1.2. Nucleotide binding to the NBD: Dynamic consequences for conserved motifs and allosteric signal
propagation). However, the crosstalk between these conserved motifs within the NBD remains
partially unexplored. Thus, in the course of this thesis, the structural and dynamic consequences of
mutating residues within these motifs in the D-, Q- and H-loop were investigated. NMR backbone
resonance assignments of the LmrA-NBD mutants D518A (D-loop), Q430A (Q-loop) and H543A (H-
loop) in the ADP-bound states were carried out and information about NBD intradomain crosstalk
mediated by those conserved residues could be obtained. In addition, the dynamics of the D-loop, Q-
loop and H-loop mutants were probed with {*H}, *N hetNOE measuremtens and compared to the
LmrA-NBD WT.

To gain more information about function of the D-loop motif and its role in the structural dynamics
of the NBD, ATP hydrolysis and substrate transport experiments with LmrA from L. lactis, BmrA from
B. subtilis and MsbA from E. coli were performed.
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2.2. Consequences of mutating D-, Q- and H-loop — a chemical shift analysis

The WT LmrA-NBD as well as its mutants K388A (Walker A motif), D518A (D-loop), Q430A (Q-loop)
and H543A (H-loop) can be expressed in high amounts in E coli and purified as soluble proteins. Gel
filtration chromatograms, SDS-PAGE, CD spectra and melting curves for the LmrA-NBD variants are
similar to the LmrA-NBD WT, which indicates that the overall fold and stability of the NBD is not
altered by the mutations (Figure 23).
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Figure 23: Characterization of WT LmrA-NBD and its variants A) Gel filtration profiles for WT LmrA-NBD (black) and LmrA-
NBD variants (K388A - gray, D518A - cyan, Q430A - green and H543A - violet). B) Purified LmrA-NBD proteins from E. coli
BL21-Gold (DE3) cells. After the final purification step (SEC run) 5 ug protein was loaded onto a 15% SDS-PAGE and stained
with Coomassie blue. C) CD spectra of WT LmrA-NBD (black) and its variants D) CD melting curves recorded for LmrA-NBD
WT and its variants. The melting temperature of the purified constructs is ~47°C for WT LmrA-NBD, ~43°C for LmrA-NBD
D518A, ~48°C for LmrA-NBDQ430A and 47°C for LmrA-NBD H543A. Amino acid numbering is based on the full-length
transporter.

The recorded 2D *H->N HSQC spectra of the ®*N-labeled LmrA-NBD variants yield well-dispersed
spectra and showed that the proteins are folded (Figure 24, Figure 25, Figure 26 and Appendix 19).
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Figure 24: Spectral differences between WT LmrA-NBD and the the D-loop mutant (D518) in the ADP-bound state (10 mM
ADP) Overlay of *H-15N TROSY HSQC spectra of °*N-labeled LmrA-NBD WT (blue) and D518A (cyan). See subchapter Material
and methods (12. NMR techniques) for exact experimental conditions.
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Figure 25: Spectral differences between WT LmrA-NBD and the the Q-loop mutant (Q430A) in the ADP-bound state
(10 mM ADP) Overlay of *H-1>N TROSY HSQC spectra of 1>N-labeled LmrA-NBD WT (blue) and Q430A (green). See subchapter
Material and methods (12. NMR techniques) for exact experimental conditions.
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Figure 26: Spectral differences between WT LmrA-NBD and the the H-loop mutant (H543A) in the ADP-bound state
(10 mM ADP) Overlay of 1H-1>N TROSY HSQC spectra of 1°N-labeled LmrA-NBD WT (blue) and H543A (violet). See subchapter
Material and methods (12. NMR techniques) for exact experimental conditions.
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Upon addition of nucleotides, peaks in the *H->N TROSY HSQC spectra of the LmrA-NBD D518A,
Q430A and H543A mutants showed shifts, indicating that these mutants have not lost their ability to
interact with nucleotides (Figure 27A). In addition, the LmrA-NBD D-, Q- and H-loop mutants showed
nucleotide binding affinities for ATP and ADP in the same range as the WT Kp values (Figure 27B/C).
As described in chapter Il results 1.1. Introducing the Model System for the WT LmrA-NBD, affinity
for ADP was always higher than for ATP. Using the NMR chemical shift assignments for the three
mutants (see below for more details), it was further possible to determine that the nucleotide indeed
interacts with the protein variants at the expected site (Figure 27A).
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Figure 27: Nucleotide binding ability and affinity is maintained upon mutating the D-, Q- or H-loop residues in LmrA-NBD
A) 1H-5N TROSY HSQC spectra of *N-labeled LmrA-NBD WT and its variants (D518A, Q430A and H543A) titrated with
different concentrations of ADP. B) Chemical shift differences (Ad) of NH resonances of residues, R397, V428, D552, E558
and L586 in the background of LmrA-NBD WT (black), LmrA-NBD D518A (cyan), LmrA-NBD Q430A (green), are plotted versus
ADP or ATP concentration. The same residues were used to obtain the plot for LmrA-NBD H543A (violet) with ADP, while
residues G382, R397, Y555, E558 and L586 were plotted upon addition of ATP. C) Kp values of ADP and ATP binding to LmrA-
NBD variants + standard deviation.
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Taking advantage of the well-resolved HSQC spectra of the D-loop (D518A), Q-loop (Q430A) and H-
loop (H543A) mutants in the ADP-bound state, a combination of de novo backbone assignments and
chemical shift transfers using the available assignment of the WT LmrA-NBD?%° was used to obtain
near-complete amide chemical shift assignments for the three mutant proteins (~89% for LmrA-NBD
D518A, ~94% for Q430A and ~91% for H543A, respectively). These assignments then allowed a
detailed comparison which amino acids within the NBD “sense” the mutation and how this affects
the conserved motifs (Figure 28, Figure 24, Figure 25 and Figure 26).

It is noteworthy, that several NH resonances that are present and unambiguously assigned in the
LmrA-NBD WT could not be observed within the D-, Q- and H-loop mutants (Figure 28). This might
indicate that the respective residues are in intermediate exchange (s — ms timescale) within the
mutants and consequently, that the D-, Q- or H-loop are important for stabilizing those regions within
LmrA-NBD WT. Peaks which could not be assigned in the ADP-bound state of LmrA-NBD WT did also
not show up in the *H->"N TROSY HSQC spectra of the three LmrA-NBD mutants. For the D-loop
mutant (D518A), most residues whose resonances showed line broadening compared to the WT
protein were indeed located within or in the vicinity of the D-loop (A515 and S519) and the D-loop
helix a8 (E522-Q526, D530 and S531). Furthermore, additional NH resonances in the Walker A motif
(T390), in the loop between helices a6 and a7 (L476), in the C-loop (G490) as well as residues of B-
sheet 8 (K506, 1554)) were not present in the D-loop mutant. In the Q-loop mutant (Q430A) the
resonance for the neighboring residue D431 next to the mutation also disappeared. The H-loop
mutant led to missing NH resonances of residues which are located in (G385, K388-T390) or near
(1391) the Walker A motif, as well as for residue A513, which is between Walker B motif and D-loop.
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Figure 28: Chemical shift differences between LmrA-NBD WT and the D-loop (D518A), Q-loop (Q430A) or H-loop (H543A)
mutants in the ADP-bound state
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Chemical shift differences between LmrA-NBD WT and the D-loop (D518A), Q-loop (Q430A) or H-loop (H543A) mutants in
the ADP-bound state

A) Chemical shift differences between LmrA-NBD WT and D518A mutant. B) Chemical shift differences between LmrA-NBD
WT and Q430A mutant. C) Chemical shift differences between LmrA-NBD WT and H543A mutant. In all plots (A, B and C),
amino acid numbering is based on the full-length transporter, the yellow and red dotted lines indicate 1 o and 2 o standard
deviation. Above the bar graphs of A, B and C, the corresponding secondary structure elements of LmrA-NBD are displayed.
Lighter gray indicates the a-helical subdomain. Gray boxes represent residues of the conserved motifs of the NBD. Downward
orientated bars represent peaks not present in the ADP-bound state of the LmrA-NBD variants (D518A, Q430A or H543A)
but in the WT. Above the bar graphs of A, B and C, chemical shift changes are shown plotted on a ribbon surface
representation of a LmrA-NBD homology model based on Sav1866 (PDB ID: 2HYD34). View on the NBD-NBD interface (left)
and view on the coupling helix groove (right) are shown. Color gradient from yellow to red represents increasing chemical
shift differences from >1 o (yellow) to >2 o (red). C-terminal LmrA-NBD homology model ends at residue T587. Residues with
Aé values below 1 o, residues whose A values could not be determined reliably (missing in plots of A, B and C) or remain
unassigned (missing in plots of A, B and C) are shown in gray in the ribbons surface representations of A, B and C.

In addition to resonances fully disappearing, the chemical shift of many NH resonances of residues in
different conserved motifs including the Walker A motif, the Walker B motif, the D-loop and H-loop
as well as the D-loop helix and the a-helical subdomain showed perturbations compared to the
corresponding WT resonances upon the introduction of the D-, Q- or H-loop mutations.

In both the D-loop and H-loop mutants, chemical shift changes in the Walker A motif could be
observed (D-loop mutant G382, K388 and S389; H-loop G382) in addition to peaks showing significant
line broadening as pointed out above. Although the Walker A motif is known to be important for
nucleotide binding®®®, apparently the observed changes in its chemical environment by the H-loop
mutant and D-loop mutant yield not to a loss of nucleotide binding within the NBD, as it was seen
that the Kp values of the LmrA-NBD mutants for ADP (H/A: 328 + 51 uM, D/A: 373 = 57 uM) and ATP
(H/A: 4070 £ 1730 uM, D/A: 2061 + 270 uM) were in the same range as the WT LmrA-NBD (Kp
ADP =268 + 32 uM and Kp ATP = 3000 + 295 uM). In contrast to the D-loop and H-loop mutations, the
Q-loop mutation did not result in chemical shift changes of NH resonances from Walker A motif
residues. As a control, a mutant in the Walker A motif (K388A) with decreased ATPase activity was
used941953%% The spectra of this variant did not show chemical shift differences between the apo
state and the nucleotide bound states. This may indicate that nucleotide binding is either abolished
or that the binding affinity of this mutant is significantly decreased. The latter explanation seems
more likely as this Walker A mutant does show ATP hydrolysis, although at a much slower rate than
the WT protein (Appendix 20).

Chemical shift differences between D-, Q- or H-loop mutants and WT LmrA-NBD were also observed
for the NH resonances of Walker B motif residues. When mutating the Q-loop, the chemical shifts of
all six Walker B motif residues (**’ILMLDE>!?) were perturbed. When mutating the H- or the D-loop,
residues 1507 and L510-E512 were affected.

Interestingly, mutation of the D-loop aspartate (D518A), Q-loop glutamine (Q430A) or the H-loop
histidine (H543A) residues also affects the chemical shift of resonances of residues within the
coupling helix groove compared to the NBD WT (Figure 28 and Figure 29). This groove connects the
NBD to the TMD and thus plays an important role in transmitting interdomain information. Mutation
of the D-loop led to chemical shift differences for coupling helix groove residues 1425, G426, V428-
S431 and 1434-A436 in comparison to the LmrA-NBD WT (Figure 28 and Figure 29). Mutating the
Q-loop led to chemical shift differences for coupling helix groove residues G426-S429 and D431-R440
and mutating the H-loop coupling helix groove residues 1425, F427, V428 and Q430-S432 showed
chemical shift differences compared to the WT (Figure 28 and Figure 29). Notably, V428, which is part
of the flexible Q-loop as well as the coupling helix groove, was affected by both the addition of
nucleotide within the LmrA-NBD WT and upon introduction of mutations in the D-, Q- or H-loop motifs
(Figure 29). In summary, the fact that the residues in the coupling helix groove are affected both by
nucleotide addition and mutation of the conserved motifs supports the notion that the three
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conserved motifs, D-, Q- and H-loop, are involved in communication between the NBD and TMD
within an ABC transporter.

A LmrA-NBD WT B Wt Q-loop
apo vs. ADP vs. WT Q430A vs. WT \vs. WT

Nucleotide bound state

- — 1 — ——|- @ vazg

EEESIEE [ peak only present
in ADP-bound state

Figure 29: Nucleotide binding and mutation of conserved motifs affect residues within the coupling helix groove

A) Chemical shift differences (A6) from 1H-1°N TROSY HSQC experiments of 1°N-labeled LmrA-NBD in the apo and ADP-bound
state plotted on a ribbon surface representation of a LmrA-NBD homology model based on Sav1866 (PDB ID: 2HYD34, Figure
17). View on the coupling helix groove within the NBD, which contacts the TMD. B) Zoom-ins of the coupling helix region of
residues 1425 — S432, which show significant A5 CS between the LmrA-NBD WT in the apo and ADP-bound state and the
LmrA-NBD WT and the D-loop, Q-loop, and H-loop mutants in the ADP-bound state. Amino acid numbering is based on the
full-length transporter, yellow and red spheres indicate significant chemical shift differences (>1 o and >2 o standard
deviation). Blue spheres indicate residues whose peaks are only present in the 1H-15N HSQC spectra of the ADP-bound state
of the WT LmrA-NBD. Residues with chemical shift differences below 1 o, residues whose Aé values could not be determined
reliably or remain unassigned are shown in gray.

For the LmrA-NBD WT, chemical shift changes of some resonances of residues in the C-terminal region
(residues L568-Q590 with H568-T574 forming helix a10 and L577-Q585 forming helix all) were
observed when adding nucleotide (Figure 17). Residues in this region were also affected when
mutating the D-, Q- or H-loop motifs (Figure 28), albeit to very different degrees. In particular, the
mutation of the H-loop led to large chemical shift differences in the C-terminal unstructured region
(residues L586-V588, Q590). In addition, the H543A mutation also induced minor chemical shift
differences for residues Y578, K580, S583 and Q585, which are located in the C-terminal helix al11.
The mutation of the Q-loop and D-loop led to only a few small chemical shift differences. In the case
of the Q-loop mutant, residues E570 within helix a10, Y581 of helix all and L586, T587 and Q590
within the unstructured region of the C-terminal region were affected. The D-loop mutant showed
chemical shift differences for residues Y578 and S583 in helix all and residue T587 in the
unstructured C-terminal end.

Finally, a strong influence of the D-, Q- and H-loop residues on each other was observed indicating a
crosstalk between these three motifs (Figure 30). This did not only affect the resonances for amino
acids D518, Q430 and H543 in the respective mutants, but also additional residues in the D-loop helix
(8a). These either vanished (see above) or showed distinct chemical shift changes. In particular, NH
resonances for residues $519-A528, D530, L532 and M533 were affected by the Q-loop mutation,
while NH resonances of residues E520-V524 and R527-M533 showed chemical shift changes when
the H-loop was mutated.
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A Figure 30: Crosstalk between the conserved D-, Q- and H-loop
H-loop “senses” Q- and D-loop mutation D-loop “senses” H- and Q-loop mutation motifs

Frioop Orloop o A) Close-up views of the 1H-15N TROSY HSQC spectra of 15N-
labeled LmrA-NBD WT and its variants (D518A, Q430A and
H543A), showing selected chemical shift changes by
mutagenesis of D- (cyan), Q- (green) and H-loop (violet) in the
I ADP-bound state (Figure 24, Figure 25 and Figure 26). B)
1075 1065 792 788 Homology model of LmrA-NBD based on Sav1866 (PDB ID:
2HYD3?) illustrating the intradomain crosstalk between D-, Q-
and H-loop. The nucleotide is colored blue. Amino acid
B numbering is based on the full-length transporter.
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In chapter lll results 1. Consequences of nucleotide binding to the NBD of multidrug ABC transporters,
titration of °*N-labeled LmrA-NBD WT with nucleotides and the recording of *H->N TROSY HSQC
experiments indicated that conserved motifs including the Q-loop and D-loop “sense” nucleotide
binding and can distinguish between ATP and ADP (Figure 16B, Figure 31A). Strikingly, the D-loop
aspartate in the H543A background did not show chemical shift differences between the apo and
either nucleotide bound state (Figure 31B, Appendix 21 and Appendix 22). As the H-loop mutant had
a similar affinity to nucleotides as the WT LmrA-NBD (Figure 27), this presumably shows that the D-
loop aspartate residue lost the ability to sense and distinguish between nucleotides when the H-loop
histidine residue is mutated. In contrast, the other D-loop motif residues, >°ASLY, were still able to
“sense” and distinguish nucleotide binding in the mutated H-loop background (Appendix 23, 2.4.
Molecular crosstalk of the NBD depends on the D-loop motif). Hence, the H-loop might be crucial for
transmitting the information of nucleotide occupancy to the D-loop. The analysis of the resonance of
the H-loop histidine residue other than in the ADP-bound state was not possible because the peak
for H543 was only present in the ADP-bound state.

In the Q430A background, residue D518 of the D-loop was still able to “sense” nucleotide binding
(Figure 31C, Appendix 24 and Appendix 25) although the direction of the chemical shift changed
when nucleotides were added compared to the NBD WT (Figure 31A/C). Thus, it indicates that
information of nucleotide occupancy still reaches the D-loop.

Similar observations as for the D-loop aspartate residue could also be made for the Q-loop glutamine.
The NH resonance of the Q-loop glutamine residue “sensed” nucleotides, when the H-loop (H543A)
or D-loop (D518A) motifs were mutated (Figure 31D/E, Appendix 21, Appendix 22, Appendix 24 and
Appendix 25). However, it was noted that the direction of the chemical shifts changed for the Q-loop
glutamine residue when mutating H543A or D518A in LmrA-NBD compared to the WT (Figure
31A/D/E).
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Figure 31: Effect of nucleotide addition to the NH resonances of residues within the conserved D-loop and Q-loop motifs
A) Close-up views of 1H-15N TROSY HSQC spectra of *N-labeled LmrA-NBD WT showing the resonance for the D-loop
aspartate residue (top) and the Q-loop glutamine residue (bottom). Overlays of the apo (black), ATP-bound (red) and ADP-
bound (blue) states are shown (Appendix 13 and Appendix 26). B) Close-up views of 1H-1>N TROSY HSQC spectra of 1°N-
labeled LmrA-NBD H543A showing the resonance for the D-loop aspartate residue. Overlays of the apo (dark purple), ATP-
bound (purple) and ADP-bound (violet) states are shown (Appendix 21 and Appendix 22). C) Close-up views of 1H->N TROSY
HSQC spectra of 1°N-labeled LmrA-NBD Q430A showing the D-loop aspartate residue. Overlays show the apo (dark green),
ATP-bound (olive green) and ADP-bound (green) states (Appendix 24 and Appendix 25). D) Close-up views of 1H-1>N TROSY
HSQC spectra of 1>N-labeled LmrA-NBD H543A showing the Q-loop glutamine residue. Overlays show the apo (dark purple),
ATP-bound (purple) and ADP-bound (violet) states (Appendix 21 and Appendix 22). E) Close-up views of 1H-1>N TROSY HSQC
spectra of 1°N-labeled LmrA-NBD D518A showing the Q-loop glutamine residue. Overlays show the apo (dark turquoise),
ATP-bound (light turquoise) and ADP-bound (cyan) states (Appendix 27 and Appendix 28). For the ADP-bound and ATP-
bound states 10 mM nucleotide was added. Amino acid numbering is based on the full-length transporter.

2.3. Fast Backbone Dynamics of LmrA-NBD D-, Q- or H — loop mutants in the ADP-bound state

To complement the 'H->"N TROSY HSQC chemical shift perturbation experiments, residue specific
backbone dynamics of the H-*N-labeled D-, Q- or H-loop variants of LmrA-NBD in the ADP-bound
state were probed on the ps - ns timescale via {*H}, ®N hetNOE experiments. The resulting hetNOE
values of each mutant in comparison to the results for the LmrA-NBD WT were plotted against the
amino acid residue numbers (Figure 32). HetNOE values close to 1.0 are indicative of rigid regions
within the protein, which mostly coincide with folded domains (12.8. Backbone hetNOE analysis).
Very flexible protein backbone regions show hetNOE values close to or below 0. As expected, both in
the WT and the D-, Q- and H-loop variants of LmrA-NBD in the ADP-bound state, the N- and C-termini
are very flexible while the majority of the residues have hetNOE values >~ 0.6 3% indicative of stable
secondary structure (Figure 32). For a better visualization of the the NBD backbone dynamics the
hetNOE values were plotted on a LmrA-NBD homology model based on Sav1866 (PDB ID: 2HYD*,
Figure 33A/B/C/D).
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Figure 32: Backbone dynamics of LmrA-NBD WT and the D-, Q- and H-loop variants in the ADP-bound state

A) {IH}, 15N hetNOE values of the backbone amides within the ADP-bound state of LmrA-NBD WT (blue) plotted versus residue
numbers. B) {1H}, 15N hetNOE values of the backbone amides within the ADP-bound state of LmrA-NBD D518A (D-loop, cyan)
plotted versus residue numbers. C) {1H}, >N hetNOE values of the backbone amides within the ADP-bound state of LmrA-
NBD Q430A (Q-loop, green) plotted versus residue numbers. D) {1H}, 1N hetNOE values of the backbone amides within the
ADP-bound state of LmrA-NBD H543A (H-loop, violet) plotted versus residue numbers. Above all diagrams (A, B, C and D) the
corresponding secondary structure elements of LmrA-NBD are displayed. Lighter gray indicates the a-helical subdomain.
“Missing” data points indicate either prolines, unassigned residues or {1H}, >N hetNOE values that could not be determined
reliably. The error bars represent the standard deviation of the mean from two consecutive hetNOE measurements. Gray
boxes represent residues of the conserved motifs of the NBD. Amino acid numbering is based on the full-length transporter.

Both the WT LmrA-NBD and the D-, Q- and H-loop mutants have four regions with very high backbone
flexibility, the N-terminus (D330-L342, G346), the C-terminus (D330-L342), the region between the
a-helical and the catalytic (including RecA-like subdomain) subdomain (specifically residue K506
between helix a7 and f-sheet 6) and within the a-helical subdomain (G449) between helices a4 and
o5 (Figure 32 and Figure 33). Flexibility can be also noted for residues in or in vicinity of key functional
motifs of ABC transporters in all four NBD constructs. This includes residues H353 and D360-Q363 in
the loop between f-sheets 1 and 2 near the conserved A-loop (Y358) and residues S429, S432-1434,
A436 and G437 (between [-sheet 5 and helix a4) which are flanking the Q-loop glutamine residue.
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As the Q-loop is located at the interface between the a-helical and the catalytic subdomain, this result
is not unexpected. The X-loop is located between helices a6 and a7. Here, residues R483 and G484
show increased flexibility. Other residues which showed to be dynamic in all four constructs were
residues N375 and S376 in the loop between -sheets 2 and 3, residue Y399 at the end of the Walker
A helix (between al and $4), residue N442 in the helix a4 and N450 in the loop between helices a4
and a5.

The region in and around the D-loop is also dynamic and shows similarities and differences with the
inserted mutations. So, showed residues 516SL517 of the D-loop (A*'®SL*'’D) flexibility when the
D-loop aspartate (D518A), Q-loop glutamine or the H-loop (H543A) were mutated. The H-loop mutant
yield to a decrease in flexibility for the D-loop residue A515, whereas the other two mutation did not
decrease its flexibility. In addition, in the H543A mutant, high flexibility was observed for the D-loop
residue D518 (Figure 32A/C and Figure 33B/D). Residues in the D-loop helix a8 (*°SESES®%,
S25VQRAL*? and S531) following the D-loop also showed high backbone dynamics in the D-loop
and/or H-loop mutant. Specifically, residues E520, V525, A528 were affected upon mutating the D-
loop and residues S519-S523, V525-1529 and S531 when mutating the H-loop (Figure 32A/C and
Figure 33B/D). Furthermore, drastic dynamics were observed for the D-loop vicinal residue A513 in
the background of the D-loop mutant but not the H-loop mutant. Intriguingly, mutagenesis of the Q-
loop did not lead to significant changes in the dynamics of the D-loop region in comparison to the WT
NBD (Figure 32A/C and Figure 33A/C).
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Figure 33: Backbone dynamics of LmrA-NBD WT and the D-, Q- and H-loop variants in the ADP-bound state
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Backbone dynamics of LmrA-NBD WT and the D-, Q- and H-loop variants in the ADP-bound state

A) {1H}, 15N hetNOE values of the backbone amides of LmrA-NBD WT in the ADP-bound state are plotted onto the LmrA-NBD
homology model based on Sav1866 (PDB ID: 2HYD34). B) {1H}, 1N hetNOE values for the D-loop mutant (D518A). C) {1H}, 1°N
hetNOE values for the Q-loop mutant (Q430A). D) {1H}, >N hetNOE values for the H-loop mutant (H543A). Color code see
below the structures. Thicker tubes indicate mobile amino acids and thinner tubes rigid amino acids. Missing data points in
the structure are shown in thin gray tubes and indicate prolines, residues which were not assigned or {1H}, 1°>N hetNOE values
that could not be determined reliably. Amino acid numbering is based on the full-length transporter. C-terminal LmrA-NBD
homology model ends at residue T587. E) Cartoon representation of secondary structure elements of the LmrA-NBD
homology model based on Sav1866 (PDB ID: 2HYD34).

Comparison of backbone dynamics between WT and the D-, Q- and H-loop variants of LmrA-NBD
in the ADP-bound state

Comparing the {*H}, N hetNOE values of the LmrA-NBD WT with the D-, Q- or H-loop mutants, an
overall similar trend and subsequently a similar behavior in dynamics can be observed (Figure 32 and
Figure 33). To pinpoint differences between the constructs in more detail, the differences in {*H}, °N
hetNOE values between the WT and the respective mutant were also plotted against the protein
sequence (Figure 34A/B/C). In addition, these differences were also plotted on the LmrA-NBD
homology model based on Sav1866 (PDB ID: 2HYD?*) (Figure 34D). To specify how many residues are
overall dynamically affected, a bar graph displaying the overall numbers of residues strongly affected
(>1 o) is shown in Figure 35. When the D-loop was mutated, 92 residues showed dynamic differences
compared to the WT, with 52 residues displaying higher and 40 residues lower rigidity within LmrA-
NBD D518A. The Q-loop mutation also affected 92 residues, with 77 residues displaying higher and
15 residues lower rigidity within LmrA-NBD Q430A. Furthermore, in the H-loop mutant, the highest
number of residues (118 total) was affected, with 73 residues displaying a higher and 45 residues a
lower rigidity compared to the NBD WT. In general, more residues within the NBD became rigid when
the mutations within the D-, Q- or H-loop were introduced and the H-loop mutant had the most
noticeable affects. An ABC transporter NBD contains two large B-sheet regions, one of which is
formed by B1, B4 and B2 and the other by the remaining B-strands (Figure 34D). In these B-sheets,
mutation of the H-loop residue H543 leads to the rigidification of residues within 1 (5350-H352), B2
(E371), B4 (E405) and B9 (E561 and 1562). This was not observed for either the D-loop or the Q-loop
mutations (Figure 34A/B/D). Thus, the H-loop seems to play a role in enabling long-range dynamics
in highly conserved structural elements of an ABC transporter NBD.

In the following, a closer look will be taken at residues that with altered rigidity in the context of the
single point mutations in the D-, Q- and H-loop compared to the WT. A particular focus of interest are
the conserved motifs (e.g. A-loop, Walker A motif, Walker B motif, Q-loop and D-loop), the secondary
structure element following the D-loop the helix a8 (D-loop helix), the C-terminal region (residues
H568-T574 belonging to al0, L577-Q585 belonging to all and L586-Q590 belonging to the
unstructured C-terminal end) and the a-helical subdomain.

One conserved motif whose stability was affected when mutating the H- or the D-loop but not the Q-
loop was the A-loop (Y358). In either case, residue Y358 was more mobile compared to the WT (Figure
34A/B/D). This indicates that the A-loop residue Y358 becomes stabilized by the H-loop histidine
residue and the D-loop aspartate residue. For the H543A mutation, the residues H353-A357, which
are N-terminal from residue Y358, also showed higher mobility compared to the WT. The D518A
mutation showed a similar effect for residues H353-D355, but residue A357 showed a decrease in
flexibility. Mutation Q430A showed an increase in flexibility for D355 and a decrease in flexibility for
the following residue F356. Residues 360DSE362 C-terminal of the A-loop residue Y358 showed also
differences in flexibility upon inserting of one of the three mutations (D518A, Q430A or H543A) in the
LmrA-NBD. Specifically, mutation H543A showed a decrease in flexibility for residues 360DSE362.
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Mutation Q430A showed also a decrease in flexibility for residues D360 and E362 and no difference
for residue S361. In contrast, mutation D518A lead to an increase in flexibility for S361 and no
difference in dynamics in comparison to the WT for residues D360 and E362.

Residues in the Walker A motif (3¥*SGGGKS>#9) also show significant differences in {*H}, N hetNOE
values between LmrA-NBD WT and the mutants (D518A, Q430A or H543A) (Figure 34A/B/C/D). The
dynamic of residue S384 was only affected by the H543A mutation which led to increased mobility
compared to the NBD WT. G385 was not affected by the H543A mutation while the Q-loop and D-
loop mutants affected it differently, leading to increased and decreased mobility, respectively. The
opposite was observed for G386, where both the D-loop and the H-loop mutation led to increased
mobility while the Q430A mutant led to a decreased dynamic. Residue G387 is the only residue in the
Walker A motif that is affected by all three mutations similarly with increased dynamics compared to
the WT. K388 is only affected by the Q430A mutation, which leads to a stabilization of this residue.
Finally, residue S389 is more mobile in the Q430A background, less mobile in the D518A mutant and
not affected by the H543A mutation.

In the other Walker motif, the Walker B motif (**’ILMLDE®'?), only the catalytic glutamine residue
(E512) showed to become more rigid, when inserting one of the mutations, D518A, Q430A or H543A.
The other residues (°”’ILMLD>!) of the Walker B motif remained on a similar level to be rigid in the
NBD WT and the mutated NBDs.

In the H543A background, the Q-loop glutamine residue (Q430) and two vicinal residues (D431-A433)
were found to be more rigid. Interestingly, the H-loop histidine (H543) was also found to be more
rigid in the Q430A background (Figure 34B/C/D) compared to the WT. These findings show that H-
and Q-loop may be dynamically coupled. In addition, the mobility of the H-loop seems to be further
connected to the D-loop, because we also observed the H-loop histidine residue H543 to be more
rigid in the D518A background compared to the WT (Figure 34A/D). In return, the first two amino
acids of the D-loop (***AS*!6LD) are more mobile in the WT compared to the H543A mutant (Figure
34C). In contrast, the aspartate residue (ASLD%8) of the D-loop is more rigid within the WT compared
to H543A (Figure 34C/D), hence different amino acids within the same conserved motif can react
differently to the mutation of a second conserved motif. Nevertheless, these observations indicate
that D-loop and H-loop are also dynamically connected. In addition, no influence on the dynamics of
the observable D-loop residues >SL°17 was noted when mutating the D-loop aspartate (D518A).

A position which shows one of the most drastic differences in dynamics between LmrA-NBD WT and
the D-loop (Figure 34A/D) and H-loop mutants (Figure 34C/D) is the D-loop helix (5519-M533).
Residues E520, V525 and A528 show significantly increased mobility compared to the WT NBD when
the D-loop aspartic acid (Figure 34A/D) was mutated. In contrast, mutation of the H-loop (Figure
34C/D) led to both decreased (5519, E520, E522 and R527) and increased (5521, S523, V525, Q526,
L529 and S531) rigidification compared to the WT. For the Q-loop mutation (Figure 34B/D), only
minor differences could be observed, but here again residues with increased (E520, E522) as well as
decreased mobility (S521, S523, V525, S531 and M533) were detected. In conclusion, this seems to
indicate that the Q-loop plays only a minor role in stabilizing the D-loop helix, while the H- and D-
loops both strongly influence D-loop helix dynamics.

Within the C-terminal region (residues H568-T574 belonging to a10, L577-Q585 belonging to a1l and
L586-Q590 belonging to the unstructured C-terminal end, Figure 34), all three mutants showed
different yet pronounced effects. In the D518A mutant, residues L571, Y578, Y581 and Q585 became
less and residues N569, S583, E584 and Q590 more rigid compared to the WT (Figure 34A/D). The
H543A mutation increased the mobility for many residues within the C-terminal region (L571, A573
and K580-5583) but led to more rigid residues (L586, T587 and Q590) within the unstructured C-
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terminal region (L586-Q590) (Figure 34C/D). Mutation of residue Q430 in the Q-loop led to changes
in mobility for a number of residues (N569, V572, T574, A579, Y581 and S583) within the C-terminal
region (Figure 34B/D). Together, these results for the C-terminal region may indicate that structural
and/or dynamic changes in the D-, Q- and H-loop, potentially upon nucleotide binding and hydrolysis,
might be associated to dynamic changes in the C-terminal region (especially for helix all). The H-
loop seems to be of particular importance for this effect because mutating it led to the highest
differences in dynamics compared to the WT. Furthermore, the conserved motifs may even be
important to maintain a dynamic equilibrium within the C-terminal helix a1l of LmrA-NBD WT in the
ADP-bound state, whereas the H-loop might be important for rigidity and the D- and Q-loop for
mobility.
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Figure 34: Differences in backbone dynamics between LmrA-NBD WT and its D-, Q- or H-loop mutant
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Differences in backbone dynamics between LmrA-NBD WT and its D-, Q- or H-loop mutant

A) {1H}, 1°N hetNOE values of the backbone amides within the ADP-bound state of LmrA-NBD WT (blue) compared to the D-
loop variant D518A (cyan) plotted versus residue numbers. B) {1H}, 1°N hetNOE values of the backbone amides within the
ADP-bound state of LmrA-NBD WT (blue) compared to the Q-loop variant Q430A (green) plotted versus residue numbers. C)
{1H}, 15N hetNOE values of the backbone amides within the ADP-bound state of LmrA-NBD WT (blue) compared to the H-
loop variant H543A (violet) plotted versus residue numbers. D) Differences in the {1H}, °N hetNOE values for LmrA-NBD WT
and the respective mutant are mapped on a LmrA-NBD homology model based on Sav1866 (PDB ID: 2HYD34). C-terminal
LmrA-NBD homology model ends at residue T587. Yellow indicates {*H}, °N hetNOE values of LmrA-NBD WT in the ADP-
bound state to be higher than for the respective mutant, i.e. this residue in the LmrA-NBD WT is more rigid than in the
respective mutant. Red indicates {*H}, 1°N hetNOE values of the respective mutant in the ADP-bound state to be higher than
the LmrA-NBD WT, i.e. this residue in the mutant is more rigid than in the LmrA-NBD WT. Above the diagrams (A/B/C), the
corresponding secondary structure elements of LmrA-NBD are displayed. Lighter gray indicates the a-helical subdomain.
“Missing” data points in the diagrams of A, B or C indicate either prolines, unassigned residues or {1H}, 1°N hetNOE values
that could not be determined reliably. The error bars in the diagrams of A, B and C represent the standard deviation of the
mean from two consecutive hetNOE measurements. Gray boxes represent residues of the conserved motifs of the NBD.
Amino acid numbering is based on the full-length transporter.
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Mutations of D-, Q- or H-loop also affected residues in the a-helical subdomain. The majority of
residues in the D-loop mutant (D455, V459-D461, F468, N477, V480, S488, G489, A496, A498, R499
and F501), Q-loop mutant (N442, E454-L456, V459, L460, S467, N471, L476, N477, V480, K486, G489,
R492, R494-A496, A498 and F501) and H-loop mutant (L443 ,Y445, E448, T452 ,L456 ,V459 ,D461 ,
F468, N471, L476, N477, K486, R492, L495, F501) showed decreased mobility compared to LmrA-NBD
WT (Figure 34A/B/C/D). Less residues in the D-loop mutant (W457, F464, V469, E470, E479, Q491,
R503), Q-loop mutant (W457 and A500) and H-loop mutant (E441, G449, L460, L462, A465, TA78,
G484, A496, A500) displayed increased mobility compared to LmrA-NBD WT. The H-loop mutant led
to drastic differences in dynamics for residues D461, K486, L495 and A49. Thus, D-, Q- and H-loop
seem to play a major role for mobility within the a-helical subdomain in the LmrA-NBD WT.
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2.4. Molecular crosstalk of the NBD depends on the D-loop motif

The D-loop consensus sequence is SALD. While MsbA indeed contains this consensus sequence, it is
slightly varied in LmrA (ASLD) and BmrA (SSLD) (Figure 37A). Thus, the D-loop alterations ASLD and
SALD were generated in BmrA and the D-loop alterations SSLD and SALD in LmrA to study effects on
structure and dynamics on the NBD. Furthermore, in full-length BmrA, either the conserved aspartate
(D510A) or the entire D-loop (SSLD = SALD and SSLD-> ASLD) was mutated. These constructs were
used to investigate the role of the D-loop on ATPase and transport activity.

First, it was analyzed whether the D-loop mutations had any influence on the overall structural
integrity, oligomerization state or secondary structure of the proteins. Therefore, size exclusion (SEC)
chromatography profiles, SDS-PAGE and, in the case of the isolated NBDs, also CD spectra were
compared to the respective WT constructs. No differences in SEC or SDS-PAGE running behavior or
within the CD spectra could be observed (Figure 36). This indicates that the D-loop variants did not
perturb the overall fold and secondary structure of the proteins. Furthermore, the effects on the
chemical shifts in the *H->N-HSQCs of the NBD were mapped to probe how mutagenesis of the D-loop
affects the remainder of the protein (Appendix 29).

A Gel filtration CD analysis SDS -PAGE

-
M
o

LmrA-NBD

a0 LmrA-NBD

0
=]
|WT (ASLD)

A 280 nm [mAU]

[10°deg x cm’/dmol]
|SALD
|SSLD
Marker
D518A

40 50
37
1 -4 LmrA-NBD
0 25
6 g 10 12 14 @ 2070 500 220 20 260 20
Volume [mL] A [nm]
— WT(ASLD) —SALD — SSLD D518A purified LmrA-NBD
B Gelfiltration CD analysis SDS -PAGE
=)
0 8593
~ = _ =
o MsbA-NBD 5 40 MsbA-NBD we 5 28 3
2 T 30 i =
| = E "
E 3 E g M
E x \ 50 L=
g 20 & 104 37
A S 0 +—\ - MsbA-NBD
i E \,_/ ik
o J ;10 20 -
6 8 10 1218 T2 0 220 240 260
Volume [mL] A[nm] 15
— WT (SALD) E506Q D512A purified MsbA-NBD
C Gelfiltration SDS-PAGE
g g
] -
gag é oo % cof23
sk R e g g &8
100 | Bmra full — WT (S5LD) kDa= = x 0 < & 0 2y 2= x
K380A igg l f |
_ — SALD |
ER — ASLD 180 |
T D510A 20
£ 60 | R <BmrA
£ 50 «
2 40 40
2
<20

25 |
20

o

6 8 10 2o
Veolume [mL] 10Vs containing BmrA purified BmrA

Figure 36: Structural integrity of the D-loop variants of LmrA-NBD, MsbA-NBD and full-length BmrA

A) Structural integrity of LmrA-NBD WT and its D-loop variants (SALD - light blue, SSLD - dark blue and D518A - cyan)
analyzed by gel filtration, CD spectroscopy and SDS-PAGE (15% gel and stained with Coomassie blue). B) Structural integrity
of MsbA-NBD WT and its variants (E506Q - gray and D512A - cyan) analyzed by gel filtration, CD spectroscopy and SDS-PAGE
(15% gel and stained with Coomassie blue). C) Gel filtration of full-length BmrA WT and its variants (K380A - gray, SALD - light
blue, ASLD - dark cyan and D510A - cyan) in LMNG. (left) SDS-PAGE (12% gel) stained with Coomassie blue showing the
overexpression of full-length BmrA WT and its variants (K380A - gray, SALD - light blue, ASLD - dark cyan and D510A - cyan)
in I0Vs of E. coli C41 (DE3) cells. (middle) SDS-PAGE (12% gel) stained with Coomassie blue showing full-length BmrA WT and
its variants (K380A - gray, SALD - light blue, ASLD - dark cyan and D510A - cyan) after purification in LMNG (right).
10V - Inside out vesicles. LMING - Lauryl maltose neopentyl glycol.
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To analyze the consequences of D-loop variations on substrate transport, full-length BmrA was
heterologously expressed in E. coli and inside out vesicles (IOVs) were prepared. Similar to the WT
with its SSLD D-loop sequence, the variants introducing the consensus sequence (SALD) or that from
LmrA (ASLD) were still able to transport substrates in an ATP-dependent manner. (Figure 37B). In
contrast, the D510A mutant behaved as the negative control in which the Walker A lysine was
mutated (K380A). Both variants are transport inactive. Next, the ATPase activity of all full-length
constructs was determined in the detergent lauryl maltose neopentyl glycol (LMNG) as well as with
protein reconstituted into liposomes (Figure 37C). As reported in the literature, the lipid environment
led to an increase in ATP hydrolysis for WT full-length BmrA%”.1% (Figure 37C). Similarly, BmrA SALD
and BmrA ASLD showed ATPase activity both in detergent and in liposomes. Interestingly, the ATPase
activity for BmrA ASLD is significantly higher in lipids compared to what was observed for the WT
(SSLD) and the SALD variant. In contrast, both the BmrA D510A mutant and the negative control,
BmrA K380A, are inactive. Many ABC exporters are known to display “stimulated ATPase activity”,
i.e. the ability of a substrate to increase the ATPase activity. In the case of BmrA WT, a slight
stimulation with reserpine or Hoechst 33342 could be observed. The SALD mutant could also be
stimulated with reserpine but not Hoechst 33342. For the ASLD mutant neither compound showed a
stimulation of ATPase activity. However, importantly, this mutant showed by far the highest basal
ATPase activity (Values of BmrA WT =2.79 + 0.16 and ASLD = 5.44 + 0.34 reconstituted in liposomes
normalized to full-length BmrA WT in LMNG). This may indicate that BmrA ASLD has already reached
its maximal ATP turnover capacity and can thus not be stimulated further. However, and equally
importantly, this enhanced ATPase activity does not come with an increase in transport activity
(Figure 37B) indicating that ATPase activity and substrate transport may not be optimally coupled in
this mutant. The K380A and D510A mutants showed no ATPase activity in the presence of either drug
(Figure 37C).

In addition to these experiments with the full-length BmrA transporter, the ATPase activity was also
determined for the isolated NBDs of LmrA and MsbA. For MsbA-NBD WT, ATPase activity could be
measured, which was abrogated when the D512A mutant was introduced. A mutation in the Walker
B motif (E506Q) served as the negative control (Figure 37D and Appendix 30). In contrast, none of
the tested LmrA-NBD constructs showed any ATPase activity (Appendix 31).
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Figure 37: Molecular crosstalk within the NBD is connected to the D-loop

A) Amino acid sequence alignment of LmrA from L. lactis, BmrA from B. subtilis, MsbA from E coli and human P-glycoprotein
(P-gp/MDR1/ABCB1) NBD1 and NBD2 of the D-loop region (cyan) within the NBD (www.ebi.ac.uk/Tools/msa/clustalo/310).
B) Doxorubicin or Hoechst 33342 transported by full-length BmrA WT (black)and its variants (K380A - gray, D510A - cyan,
SALD - light blue, and ASLD - dark cyan) in inside out vesicles. (100 — 200 ug total membrane protein) After ~2min, the
substrate (2 uM of Hoechst 33342 or 10 uM Doxorubicin) was added. After an additional ~2 min, ATP (2 mM) was added
and fluorescence intensity monitored for ~6 min. C) Basal and substrate stimulated ATPase activities of BmrA WT (black) and
its variants (K380A - gray, D510A - cyan, SALD - light blue, and ASLD - dark cyan). ATPase activities of BmrA (3 ug) in LMNG
and BmrA reconstituted in liposomes were recorded at 37 °C. For stimulated ATPase activities, 15 uM Reserpine or 2 uM
Hoechst 33342 were used. Data of B and C are normalized to full-length BmrA WT in LMNG and presented as means # s.d.
(n=3). D) Basal ATPase activities of MsbA-NBD WT (black,~400 ug) and its variants E506Q (gray) and D512A (cyan) were
recorded in buffer (50 mM BisTrispH7.0, 50 mM NaCl) at 37 °C. E) Close-up views of 1H-1°N TROSY HSQC spectra of the D-loop
variants of 1>N-labeled LmrA-NBD in the ADP-bound state, showing the chemical shift differences of the H-loop and the Q-
loop. Amino acid numbering is based on the full-length transporter. LMNG - Lauryl maltose neopentyl glycol.

However, due to the availability of the near complete backbone NMR assignments in the ADP-bound
state, the effect of the D-loop mutations (D518A, SALD or SSLD) on the chemical shifts of other
conserved motifs were explored. Importantly, the 2D *H-"N TROSY HSQC spectra for all three the
LmrA-NBD D-loop mutations in the ADP-bound state showed that they are properly folded (Appendix
29). Interestingly, the resonance for the H-loop H543 residue is affected differently depending on
how the D-loop is mutated (Figure 37E, Figure 24 and Appendix 29). In the D518A background, the
H-loop histidine residue shifts to lower *H frequencies compared to the LmrA-NBD WT. For the peak
of the H-loop histidine, a chemical shift to higher H frequencies were observed within the D-loop
variants SALD and SSLD. The SALD and SSLD mutations thus seem to affect the H-loop in a similar
manner. As described in subchapter 2.2. Consequences of mutating D-, Q- and H-loop — a chemical
shift analysis, introducing the D518A mutant resulted in a chemical shift to lower H frequencies
compared to the LmrA-NBD WT for the Q-loop glutamine residue. Here no information about NH
resonances of the Q-loop glutamine residue was available within the other D-loop variants SALD or
SSLD as it could not be assigned. The observed changes in chemical shifts in different directions for
the H-loop histidine residue and the Q-loop glutamine residue due to the D-loop mutations (D518A,
SSLD or SALD) in LmrA-NBD might be associated with the obtained differences for the D-loop variants
of full-length BmrA and MsbA-NBD in ATP hydrolysis and substrate transport (Figure 37B/C/D/E).
Thus, it can be noted that the D-loop residues seem to have very distinct roles in function (ATP
hydrolysis and substrate transport) and dynamics (subchapter 2.3 Fast Backbone Dynamics of LmrA-
NBD D-, Q- or H — loop mutants in the ADP-bound state) within ABC transporters.
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3. DISCOVERY OF A NOVEL COMMUNICATION HINGE LINKING NBS AND TMD IN MULTIDRUG ABC
TRANSPORTERS

3.1. Introduction

To properly function as a substrate translocator, ABC transporters need to efficiently couple
nucleotide binding and ATP hydrolysis in the NBDs to large-scale motions of the TMDs. Within the
NBD, several conserved motifs, including Walker A, A-loop, Q-loop, Walker B and H-loop, are involved
in ATP binding and hydrolysis as well as transmitting information between the NBDs and/or to the
TMDs. The Walker A motif is an integral part of the ABC transporter’s nucleotide binding site (NBS)
and structurally consists of a loop and the beginning of an a-helix (chapter I: introduction see Figure
5). Its conserved signature sequence is GxxGxGK(S/T), where x can be any amino acid. Previous
studies showed that this conserved motif coordinates Mg?*, interacts with the terminal phosphates
of the bound nucleotide and places them at the right position for the nucleophilic reaction with
Water164'187.

From recent structures of ABC transporters with and without nucleotides and even with and without
substrates/ inhibitors, a lot of information about the different states within the catalytic transport
cycle could be obtained®*135183.186311-315 Hawever, despite the advances in understanding details of
the ABC transporter catalytic cycle, many aspects of the dynamic consequences and long-range
effects introduced by nucleotide binding within the NBD remain unclear. One major challenge is to
elucidate how the nucleotide binding site in the NBD and the substrate-binding site in the TMDs are
structurally and functionally coupled, because it is still not fully understood how the information of a
bound nucleotide within the NBS is transmitted to the TMD (or vice versa).

Here, a novel “communication hinge” linking the Walker A motif to the coupling helix groove and thus
to the TMD via two highly conserved residues in the NBD has been discovered. Although they are not
part of the NBS, both residues R397 and W421 in the LmrA-NBD show nucleotide dependent chemical
shifts in solution NMR experiments. These two residues are conserved in type | ABC exporters (type
IV fold, Figure 38) including BmrA and MsbA although in the latter case the tryptophane residue is
replaced by a bulky leucine residue. Mutagenesis studies in the transporter NBDs and functional
assays on full-length BmrA support the notion that these residues are important for ATPase activity,
substrate transport and protein stability.
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Figure 38: Sequence alignment and sequence logo of the NBDs of different type | ABC exporters

Sequence alignment (www.ebi.ac.uk/Tools/msa/clustalo/31°) for the NBD region from the A-loop to the Q-loop, which
includes the highly conserved arginine residue on the C-terminal end of the Walker A helix (al helix in the NBD, green) and
the a3 helix that contains a bulky hydrophobic or aromatic residue (orange, for details see text). Uniprot KB accession
numbers of the proteins used for the sequence alignment are P97046, 006967, Q99T13, P60752, Q9HUGS, Q99T13, 032748,
P08716, Q03518, Q03519, P13569, P08183 and P33527. The secondary structure is displayed on top of the sequence
alignment (all numbers according to LmrA sequence). The sequence logo was generated by Weblogo 3
(http://weblogo.threeplusone.com/create.cgi?16317) from 34 ABC exporter sequences (type IV fold, Appendix 3.3) for the
displayed region. Within the sequence logo amino acids are colored green for polar residues, purple for neutral residues,
blue for basic residues, red for acidic residues and black for hydrophobic residues.

3.2. Nucleotide binding is sensed by residues at the C-terminal end of the Walker A helix

At the N-terminus of the Walker A helix resides a conserved lysine residue (K388 in LmrA) which is
responsible for the interaction with the B- and y-phosphate of ATP. On the C-terminal end of the
Walker A helix, a highly conserved arginine (R397 in LmrA) faces an equally conserved bulky
hydrophobic/ aromatic residue (W421 in LmrA). In 2D *H-1>N TROSY HSQC spectra of the LmrA-NBD,
the resonances for residues W421 and R397 showed strong chemical shift changes upon nucleotide
addition despite not making direct contact with the bound nucleotide?”® (Figure 39A and Figure 17).
In addition, residues in the vicinity of R397 are also affected by nucleotide addition including the
conserved aromatic residues F398 and Y399 (Figure 39D). Similarly, chemical shift changes for the
resonances of the corresponding residues in the 'H->N TROSY HSQC spectra of MsbA- and BmrA-NBD
were observed upon nucleotide addition (Figure 39D and Appendix 32). In contrast, no changes in
chemical shift were observed for residues at the surface of the NBDs of LmrA, BmrA and MsbA, distant
from the NBS (Figure 39A/B/C/D, W457 in LmrA-NBD, E451 in MsbA-NBD and K450 in BmrA-NBD,
Appendix 32).
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Figure 39: 2D H-*5N TROSY HSQC solution NMR experiments reveal “sensing” of nucleotide binding for residues at the C-
terminal end of the Walker A motif helix

A) Close-up views of 1H-1°N TROSY HSQC spectra of >N-labeled LmrA-NBD (1H-1*N TROSY HSQC shown in chapter llI: results
1. see Figure 15 and Appendix 13). The NH resonances of R397 and W421 shift after addition of nucleotide (10 mM ATP - red
or 10 mM ADP - blue). B) Homology model of LmrA based on Sav1866 (PDB ID: 2HYD3*) showing the position of R397 (green),
W421 (orange), nucleotide (blue) and Walker A residues (black). The position of the “control residue” W457 on the protein
surface is also indicated. C) Amino acid sequence alignment of LmrA from L. lactis, BmrA from B. subtilis and MsbA from E.
coli of the region of interest within the NBD. D) Delta chemical shift differences (A5) of the backbone amides of apo versus
ADP-bound state of LmrA-NBD, MsbA-NBD and BmrA-NBD residues within the allosterically affected region. Data for
residues W457 (LmrA), E451 (MsbA) and K450 (BmrA) distant from the nucleotide binding side serve as controls.

The observation that residue W421 in LmrA and the corresponding residue W413 in BmrA (Figure
39A/D and Appendix 32) in the NBD core sense nucleotide binding is further supported by *°F solution
NMR data of 5-°F-Trp-labeled LmrA- and BmrA-NBDs (Figure 40). Since LmrA-NBD contains two
tryptophane residues, the two resulting resonances were assigned by individually mutating the two
tryptophane residues individually to phenylalanine residues (Appendix 33). Importantly, neither
mutation affected the °F chemical shift of the 5-F-Trp at the respective other site. The large
chemical shift difference for the *F label attached at either W421 or W457 reflects the differences in
the chemical environment for the two tryptophane residues within the protein core and on its surface
(Figure 39B and Appendix 33A). Furthermore, the two resonances for W421 and W457 also differ in
their linewidths, thus indicating different mobility. As expected, the NMR signal for the solvent
exposed W457 is narrower than that for W421. BmrA-NBD contains only one native tryptophane
residue (Figure 40B).
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Figure 40: °F NMR on LmrA and BmrA confirms involvement of W421/W413 in nucleotide sensing

A) 9F solution NMR spectra of 5-19F-Trp-labeled LmrA-NBD WT. Two peaks for the two native tryptophane residues, W457
on the protein surface and W421 in the C-terminal part of the Walker A helix could be observed. Upon addition of nucleotides
only W421 showed chemical shift changes. Magnesium (10 mM final conc.) was added at the end of each titration. B) °F
solution NMR spectra of 5-1°F-Trp-labeled BmrA-NBD WT. BmrA contains only one native tryptophane residue (W413) on
the C-terminal end of the Walker A helix which senses nucleotide binding. C) Linewidth of the 1°F resonances observed for
W421 in LmrA and W413 in BmrA in A and B. D) °F solution NMR spectra of full-length 5-1°F-Trp-labeled BmrA which contains
three tryptophane residues (W104, W164 and W413). The apo spectrum (black) gives rise to broad peaks. Upon addition of
10 mM MgADP (cyan) 19F resonances change in the spectrum, indicating nucleotide binding.

In agreement with what was observed in the *H->N TROSY HSQC experiments, titration of both LmrA-
and BmrA-NBD with either ADP or ATP led to F peak shifts for residues W421 in LmrA and W413 in
BmrA, respectively (Figure 39C, Figure 40A/B and Appendix 35A/B). The peak of the second
tryptophane residue in LmrA-NBD, W457, did not react to nucleotide addition. Also, in agreement
with our earlier observations for LmrA-NBD (Figure 11), ADP and MgADP has a higher affinity for the
NBD (Appendix 35C/D/E). Here, lower nucleotide concentrations are required to obtain the
maximum chemical shift change compared to ATP or MgATP (Appendix 35C/D/E). The addition of
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magnesium ions lead to further chemical shift changes for the '°F resonance of the hydrophobic
residue of interest (W421 LmrA-NBD or W413 BmrA-NBD, Figure 40A/B) as well as changes in
linewidth (Figure 40C) for BmrA-NBD and LmrA-NBD. In contrast, subsequent addition of magnesium
ions after ADP titration to BmrA-NBD did not lead to additional chemical shift changes and changes
in linewidth (Figure 40B/C). This demonstrates that the metal ion plays an important role in
nucleotide binding and how this is “sensed” in regions remote of the NBS. When titrations were
performed in the presence of ADP and Mg** (MgADP) or ATP and Mg?* (MgATP) simultaneously,
chemical shift changes and changes in linewidth were also observed (compare Appendix 35A/B and
Appendix 36). The observations of the °F solution NMR data for LmrA- and BmrA-NBD gives another
indication that the identified residues of the novel interdomain communication hinge, in spatial
proximity to the coupling helix groove, are structurally and dynamically coupled to nucleotide
occupancy in the NBS and can potentially build an information hub between NBD and TMD.

To assess whether the conserved aromatic/hydrophobic residue indeed plays an important role for
NBD-TMD communication also in the context of the full-length transporter, full-length BmrA, which
contains three native tryptophane residues, was labeled with 5-°*F-Trp (Figure 40D). The *F NMR
spectrum of the transporter in detergent was recorded and led to the observation of broad lines in
the same frequency range as within the isolated 5-°F-Trp-labled BmrA-NBD. After addition of
MgADP, the °F resonances changed to lower frequencies also in agreement to what was observed
for the isolated NBD (Figure 40B). While sample optimization and a resonance assignment of the
tryptophane peaks in the full-length transporter are needed, this is a promising result. It indicates
that it should be possible to obtain interesting insights into the behavior of the important
tryptophane residue within the ABC transporter NBD and its role in nucleotide binding, ATP hydrolysis
and/ or long-range sensing of substrate or inhibitor binding to the TMD.

3.3. The NBD “hinge region” influences full-length Transporter ATPase activity, substrate
transport and stability

3.3.1. Influence on protein stability

To explore the potential interaction of the newly identified “hinge-region” composed of a highly
conserved arginine and a bulky aromatic or hydrophobic residue within the NBD on protein stability,
ATP hydrolysis as well as substrate transport, different mutants were generated in BmrA from B.
subtilis. The conserved arginine (R389) in the BmrA-NBD was mutated to alanine, lysine, glutamate
or methionine. The motivation was to replace the R389 by a residue without a charged large
sidechain (R/A), to maintain a basic character of an amino acid at this position (R/K), to invert the
charge of the residue (R/E) or to neutralize the charge at this position while still retaining the
bulkiness of the amino acid (R/M). Further, the second amino acid in the “hinge”, W413, was mutated
to phenylalanine, to maintain an aromatic residue in this position, to leucine, to mimic the amino
acid found at this position in MsbA and to introduce a bulky hydrophobic residue, as well as alanine.
As a control for functional assays, the conserved lysine residue in the Walker A motif, K380 in BmrA,
was mutated to alanine.

Full-length BmrA was purified in the detergent LMNG (Figure 41). With size exclusion
chromatography, both BmrA WT and the K380A mutant showed the expected running behavior, but
for full-length BmrA R389A, a large amount of protein aggregate was observed (Figure 41A).
However, a small fraction of the protein variant also elutes at the same volume as the WT and Walker
A mutant proteins. This indicates that the R/A mutant is more prone to aggregate, but, when folded,
can presumably adopt the correct structure. Similarly, mutating the arginine residue to glutamate
also led to the formation of aggregates, whereas full-length BmrA R389K and R389M behaved similar

117



CHAPTER II1:
RESULTS

as full-length BmrA WT (Figure 41A). Interestingly, it was possible to obtain at least a small amount
of purified BmrA R389A and BmrA R389E in the context of the full-length transporter. In contrast, it
was not possible to purify these constructs within the context of the isolated NBD. BmrA-NBD R389K
failed to express properly, while BmrA-NBD R389A and R389E led to fully aggregated protein. BmrA-
NBD R389M and W413F eluting at the expected volume on SEC could be obtained in small amounts,
although these mutants, too, displayed aggregates.
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Figure 41: Characterization of full-length BmrA WT and “communication hinge”mutants
A) Gel filtration profiles for full-length BmrA WT (black) and its variants (K380A - gray, R389A - green, R389E - light green,
R389K - dark green and R389M - yellow) in LMNG. B) LMING-solubilized full-length BmrA purified from E. coli C41 (DE3) cells.

2.5 ug protein were loaded onto a 12% gel to perform an SDS-PAGE after the final purification step staining was performed
with Coomassie blue. LMNG - Lauryl maltose neopentyl glycol.

In striking contrast to the behavior of the BmrA-NBD point mutants, LmrA-NBD mutants in this region
(R397A, W421F, W421A) can been purified and show proper SEC elution profiles (Figure 42A/B).
Nonetheless, the two alanine mutants were also accompanied by a higher amount of aggregates on
SEC (Figure 42A). Furthermore, the LmrA-NBD mutants elute earlier than the WT NBD. Comparing
the LmrA-NBD mutants to the wildtype protein, no or only minor differences in the CD spectra are
observed (Figure 42C) and no changes within the respective secondary structure content was
predicted using the BestSel tool?°22%, All LmrA-NBD constructs including the WT and the K388A
(Walker A lysine mutant) showed no or negligible ATPase activity (Figure 42D).
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Figure 42: Characterization of LmrA-NBD WT and its mutations in the “communication hinge”

A) Gel filtration profiles for LmrA-NBD WT (black) and its variants (K388A - gray, R397A - green, W421A - orange and
WA421F - dark yellow). B) SDS-PAGE (15%, 5ug protein/lane) of purified LmrA-NBD variants. Staining was performed with
Coomassie blue C) CD spectra of LmrA-NBD WT (black) and its variants (K388A - gray, R397A - green, W421A - orange and
WA421F - dark yellow). Inlet shows the analysis of the respective NBD’s secondary struture content based on the CD spectra
using the BestSel secondary structure analysis (http://bestsel.elte.hu/index.php?92293), The predicted a-helical/turn/other
like random coil/B-sheet content of the purified constructs is 29.9/13.5/46.2/10.4% for LmrA-NBD WT, 33.7/14.0/43.6/8.6%
for LmrA-NBD K388A, 32.2/13.5/42.9/11.5% for LmrA-NBD R397A, 28.2/14.8/49.2/7.8% for LmrA-NBD W421A and
35.0/15.5/42.4/7.1% for LmrA-NBD W421F. D) Basal ATPase activites of LmrA-NBD WT and its variants (K388A - gray,
R397A - green, W421A - orange and W421F - dark yellow) recorded with ~400 ug purified NBD in buffer (50 mM
BisTrispH6.5, 50 mM NaCl) at 37 °C for the inducated time. As LmrA-NBD shows no ATPase acitivity, ADP was added as a
positive control and buffer was used as a negative control.

3.3.2. Role of the conserved arginine residue in the NBD of BmrA on ATPase activity and substrate
transport

Purified full-length BmrA in the detergent lauryl maltose neopentyl glycol (LMNG) or reconstituted in
liposomes (E. coli total lipid extract) was used to measure the ATPase activity of the transporter
(Figure 43). BmrA WT and a mutant of the Walker A motif, BmrA K380A, which is known to be ATPase
and transport inactive, served as positive and negative controls, respectively (Figure 43B/D).

In agreement with previous studies, the BmrA K380A mutant showed a significant decrease in ATPase
activity compared to the full-length BmrA WT both in detergent and proteoliposomes®®®. An
increased ATPase activity for reconstituted full-length BmrA WT compared to detergent-solubilized
protein was observed®®”1%, This activity could be further stimulated by addition of reserpine or
Hoechst 33342, As expected, BmrA K380A’s ATPase activity could not be stimulated with
substrates.

In LMNG, the basal ATPase activity of both BmrA R389E and R389A mutants dropped to the level of
the K380A mutant rendering these proteins essentially ATPase inactive (Figure 43A/B). In contrast,
both BmrA R389M and BmrA R389K still showed residual ATPase activity (Figure 43A/B). Only the
BmrA R389A mutant was tested in proteoliposomes, where it intriguingly showed a slightly higher
activity compared to LMNG, although it could be not stimulated by reserpine and Hoechst 33342.
Together, these results imply that the ATPase activity of BmrA is strongly dependent on the
transporter environment and that residue R389 is important for ATPase activity.
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Especially interesting is the loss of stimulation by substrate/inhibitor in R389A, which indicates a
potential loss of connection between substrate/inhibitor recognition and ATPase activity, i.e.
between TMD and NBD. The ATPase activity of the tryptophane mutants performed by our
collaboration partner in Lyon will be discussed in chapter IV: discussion subchapter 3.1. A potential
NBS-TMD signaling pathway Part | — signal propagation via a conserved arginine residue3!8,
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Figure 43: Role of conserved residue R389 in the NBD of BmrA on ATPase activity and substrate transport

A) LMNG-solubilized full-length BmrA purified from E. coli C41 (DE3) cells. 2.5 ug protein were loaded onto a 12% gel to
perform an SDS-PAGE after the final purification step and stained with Coomassie blue. B) Basal and substrate stimulated
ATPase activites of full-length BmrA WT (black) and its variants (K380A - gray, R389A - green, R389E - light green,
R389K - dark green and R389M - yellow). ATPase activities of BmrA (3 ug) in LMNG and reconstituted in liposomes (E. coli
total lipid extract) were recorded at 37 °C. For stimulated ATPase activities, 15 uM Reserpine or 2 uM Hoechst 33342 were
used C) I0Vs prepared from E. coli C41 (DE3) cells overexpressing different BmrA variants. 10Vs (20 ug total membrane
protein) were analyzed by SDS-PAGE (12% gel). D) Doxorubicin or Hoechst 33342 transport by BmrA WT (black) and its
variants (K380A-grey, R389A-green, R389E-light green, R389K-dark green and R389M-yellow) in inside out vesicles
(100 — 200 ug total membrane protein). After ~2 min at 37°C the substrate (2 uM of Hoechst 33342 or 10 uM Doxorubicin)
was added. After an additional ~2 min, ATP (2 mM) was added and the fluorescence intensity monitored for ~6 min. Data of
B and D are normalized to BmrA WT LMNG for the ATPase activity assay and presented as means + s.d. (n=3). LMNG - Laury!
maltose neopentyl glycol.

Next, the influence of the mutations on the transport activity was tested. Here, inside out vesicles
were used (Figure 43C/D). Hoechst 33342 and Doxorubicin were used as fluorescent substrates.
Although reserpine leads to ATPase stimulation, it cannot be used in these assays as it is not
fluorescent. BmrA WT, the ATPase inactive control mutant K380A, as well as the four arginine
mutants were tested. Only BmrA WT was able to translocate the two fluorescent substrates across
the membrane. In the case of BmrA K380A and R389E, the most likely explanation is that the lack of
ATPase activity translates to an inability of the transporter to translocate substrates. For the R389E
in LMING, no ATPase activity was measured. If this variant has a residual ATPase activity in liposomes
needs to be analyzed further. No ATPase activity for R389A was obtained in LMNG. Finally, a small
but significant ATPase activity was detected for R389A in liposomes and for R389M and R389K in
LMNG (Figure 43B). However, but none of these mutants were able to translocate the two substrates
in the fluorescence assay. This indicates that in these mutants, not only ATP hydrolysis, but also
interdomain coupling may be negatively affected. Therefore, substrate transport is disrupted in the
alanine, lysine and methionine mutants. These findings further support the hypothesis that the
conserved R389/W413 pair (BmrA residue numbering) present a novel allosteric interaction site that
couples ATP binding and hydrolysis within the NBD to substrate translocation via the TMD.

120



CHAPTER IV:
DISCUSSION

CHAPTER IV
DISCUSSION

1. DIFFERENCES IN NBD DYNAMICS OF THE ABC TRANSPORTER LMRA INDUCED BY NUCLEOTIDE
BINDING

It is challenging to gain detailed insights into the structural and dynamic consequences of nucleotide
binding to the NBD of an ABC transporter. In particular the identification of signal propagation
pathways that communicate nucleotide-binding and/ or hydrolysis to the TMD and vice versa, i.e. the
elucidation of mechanisms how the NBD receives information about substrate binding from the TMDs
remain difficult tasks. In this study, detailed information about the allosteric consequences and the
dynamic landscape of an NBD monomer upon nucleotide binding could be obtained. For this, the
NBDs of the homologous ABC exporters LmrA from L. lactis, MsbA from E. coli and BmrA from
B. subtilis were expressed and purified?”> (Chapter Ill: results subchapter 1. see Figure 10).

Importantly, to draw conclusions about protein dynamics, one must also consider the technique used.
Biophysical methods such as EPRY, FRET?, LRET? or also PET-FCS?, which was used here on the MsbA-
NBD (Chapter lll: results subchapter 1. see Figure 21 and Figure 22), rely on the placement of
reporters at defined positions of the protein of interest. They can then yield valuable information
about the local protein dynamics caused by the labels or about the distance between the labels bound
to the protein?>42°8260.263.265  This way, long-range conformational changes can be derived. In
comparison, NMR experiments are powerful tools to obtain information about the dynamics of every
residue at atomic resolution but cannot easily deliver long-range information. In this thesis, NMR
spectroscopy has been used to study the effects of nucleotide binding to the LmrA-NBD (Chapter lI:
results subchapter 1. see Figure 11, Figure 15, Figure 16, Figure 17, Figure 18, Figure 19 and Figure
20). Investigating protein structure and dynamics at an atomic resolution with NMR spectroscopy and
global dynamics by PET-FCS are thus complementary approaches and greatly add to the picture
derived from other techniques, such as X-ray crystallography or cryogenic electron microscopy (cryo-
EM).

Based on the NMR experiments on LmrA-NBD, it can be concluded that the interaction with ADP
guenches backbone amide bond fluctuations on the ps - ns timescale (Chapter Ill: results subchapter
1. see Figure 20, Figure 44B) and secondary structure rearrangements on the ms — s timescale (Figure
44B, chapter lll: results subchapter 1. see Figure 17 and Figure 18), particularly in the nucleotide
binding site (NBS). LmrA-NBD, MsbA-NBD and BmrA-NBD showed less peaks in the apo compared to
the ADP-bound state in the *H->"N TROSY HSQC (Chapter IlI: results subchapter 1. see Figure 15),
implying protein backbone fluctuations in the ps —ms timescale in the absence of ADP. PET-FCS
experiments on MsbA-NBD demonstrate interdomain movements between the a-helical and
catalytic subdomains in the pus timescale (Figure 44B, chapter lll: results subchapter 1. see Figure 21
and Figure 22).

Analysis of NMR chemical shift differences (Chapter lll: results subchapter 1. see Figure 15, Figure 16,
Figure 17, Appendix 11 and Appendix 12) showed that addition of nucleotide altered peak position
and linewidth throughout the HSQC spectra of the three studied NBDs, thus demonstrating that the
presence of the nucleotide has far reaching consequences. Of note, ADP was used in most of the
experiments described, as it yielded the highest number of peaks in the HSQC spectra of the ABC

1 EPR - Electron paramagnetic resonance

2 FRET - Fluorescence resonance energy transfer
3 LRET — Luminescence resonance energy transfer
4 PET-FCS — Photoinduced electron transfer-fluorescence correlation spectroscopy

121



CHAPTER IV:
DISCUSSION

transporter NBDs. In the case of LmrA-NBD, where a complete backbone NMR assignment is
available?”, it was possible to pinpoint these structural and dynamic changes to specific residues.
Importantly, the majority of the peaks “missing” from the spectra of the apo and ATP-bound states
derive from residues in the NBS, thus underscoring that there are important dynamic differences
between the two nucleotide-bound states. However, the elucidation of these differences requires
further experiments in the future. Below, the consequences of ADP binding to an NBD across different
timescales as dissected in this thesis are discussed in more detail.
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Figure 44: Schematic illustration of NBD dynamics obtained from techniques used in this thesis for LmrA-NBD and MsbA-
NBD, focusing on relative motions of a-helical and catalytic subdomain

A) Schematic representation of the possible relative motions between a-helical (light gray) and catalytic (dark gray)
subdomain, with (i) both subdomains moving/rotating or (ii) only one of the two subdomains moving/rotating. B) Cartoon
representation of dynamics for LmrA-NBD obtained from NMR experiments (chemical shift perturbation, H/D exchange and
{IH}, 15N hetNOE) in the apo and ADP-bound state (top). Cartoon representation of dynamics for MsbA-NBD obtained from
PET-FCS (bottom). Nucleotide (ADP or MgADP) is shown in light violet. Red indicates the position of the fluorophore within
the NBD for the PET-FCS measurements. NBD — Nucleotide binding domain. CH - Coupling helix (blue/cyan).
TMDs — Transmembrane domains. Connecting loop of the a-helical and catalytic subdomain (including Q-loop) is shown in
green.
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1.1. Comparison of the apo and ADP-bound state NBD on the ps — ns timescale

Overall, the dynamic hetNOE analysis of LmrA-NBD in the apo and ADP-bound states showed that the
secondary structural elements essentially remain identical on the ps - ns timescale (Figure 44B and
chapter lll: results subchapter 1. see Figure 19). However, quenching of intramolecular NBD dynamics
for residues in the catalytic (including the NBS) subdomain was observed in the presence of ADP
(Figure 44B, chapter lll: results subchapter 1. see Figure 19 and Figure 20). At the same time, residues
of the a-helical subdomain became more mobile upon ADP binding. Thus, it can be hypothesized,
that rigidification upon nucleotide binding in the catalytic subdomain of the NBD induces mobility
within the a-helical subdomain of the NBD. The intrinsic dynamic equilibrium within the NBD seems
to become reorganized by ADP binding and thus may cause intramolecular rearrangements that could
have implications on NBD-NBD and NBD-TMD crosstalk via the coupling helix groove (Figure 44B,
chapter lll: results subchapter 1. see Figure 20). These intramolecular rearrangements are reversible
during the catalytic cycle when resetting to the apo state, hence these reversible deformations can
be considered as an elastic deformation within the NBD in the fast timescale, affecting both the
a-helical and the catalytic subdomain (Figure 44B).

In the ps — ns timescale previous solution NMR studies (based on °N Ri, Rz, and {*H}, >N hetNOE
experiments) on the MJ1267 ABC from the branched-chain amino acid transporter from
Methanococcus janaschii, reported that a sequence element termed “LivG” (Leu-Iso-Val), which is
unique to Liv transporters?'?, is the most dynamic part of the NBD in the apo state and that its
flexibility increased in the presence of MgADP3*°, MJ1267 is 29% identical to LivG and LivF, NBDs from
the branched-chain amino acid transporter of E. coli. In MJ1267 a helical LivG sequence insert is found
in the a-helical subdomain. This sequence insert is not found in the NBD from LmrA studied in this
thesis. The NMR study of Wang et al., analyzing MJ1267 in the ps - ns timescale described no other
residue of the a-helical subdomain to be flexible in the apo or MgADP-bound state®°. In comparison,
it should be noted that in our study, the hetNOE data on LmrA-NBD indicate differences between apo
and ADP-bound state in the a-helical subdomain within the ps - ns timescale. The experimental
outcome may have been different because of the presence/absence of Mg?* in the two studies and
potentially the unique LivG insertion in MJ1267.

1.2, Relative motions between a-helical and catalytic subdomain

Nucleotide binding has been described to be crucial for triggering large conformational changes
within ABC transporters3490,169,183,191,202,249,252,254,261,284,308,320-323 ' preyious NMR and EPR studies
concluded that the apo state of type | ABC exporters (type IV fold) is highly dynamic (literature
examples for LmrA2>4275277 BmrA284 MsbA261.321324 BmrCD3%4, Pgp320322), For the type | ABC exporter
LmrA, a global decrease of its conformational space upon nucleotide binding was observed®*. Hence,
nucleotides seem to induce huge conformational changes and changes dynamics in ABC transporters.

In the NBDs, the movements between the a-helical and catalytic subdomain within the NBD of ABC
transporters were identified to play an important role for both the catalytic and the transport
cycle?26:308325 pyring ATP binding and hydrolysis, a rotation of the a-helical relative to the catalytic
subdomain within the NBD was observed in several crystal structures!®%170,189,218,220.326 ' ATP binding
yielded an inward movement of the a-helical subdomain towards the catalytic
subdomain’0:169.189.218.308 - \yhereas the post-hydrolysis stage induced a rotation of the a-helical
subdomain away from the catalytic subdomain?!83%8327 Motions between the a-helical and the
catalytic subdomain were predicted to be important for NBD-NBD communication during the
catalytic cycle and led to one of the models where NBD contact is required for the catalytic cycle, the
constant contact model|'718226328 (Eigyre 45, chapter I: introduction subchapter 3.3.3. see Figure 6
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and Table 4). Briefly, in this model the NBDs remain partially associated during the catalytic cycle
(Figure 45). ATP hydrolysis occurs alternately at each NBS?%%. In the beginning, ATP is bound to NBS1,
while NBS2 is empty (step 1). Upon or after ATP hydrolysis in NBS1, rotation between the catalytic
and the a-helical subdomain allows ATP binding to the second, free NBS (NBS2). NBS1 is maintained
closed and in the ADP Pi-bound state3? (Figure 45 step 2). ATP binding to NBS2 induces an inward
rotation of the catalytic subdomain (Figure 45 step 3), leading to an occlusion of ATP. At the same
time, NBS1 is opened and the hydrolysis products (ADP and P;) are subsequently released (Figure 45
step 3 and step 4). Now the cycle repeats with NBS2 leading the conformational changes (steps 5-7)
until the original state (step 1) is reached again.

a-helical
subdomain

NBD

catalytic subdomain

B “Constant contact”
1 NBS1

2
a-helical
@ subdomain NBD1 NBD2 *
PD “

NBS2 - j D l
7

‘o ;@@@@

Figure 45: Schematic representation of relative movements of the catalytic and the a-helical NBD subdomains.

A) Inward movement of the a-helical subdomain towards the catalytic subdomain upon ATP binding and outward movement
of the a-helical subdomain against the catalytic subdomain in the post-hydrolysis state (ADP-bound). B) The constant contact
model for the catalytic cycle of ABC transporters (modified from Gerorge & Jones et al., 2013329 and Sz6ll6si et al.,, 20177%3).
NBD dimers are illustrated schematically with their larger catalytic subdomains and smaller a-helical subdomains as a top
view. Step 1: ATP is occluded in NBS1. NBS2 is empty and open due to an outward rotation of the catalytic subdomain. Step
2: ATP hydrolysis in NBS1 induces a switch to high affinity for ATP in the outward orientated catalytic subdomain of NBS2,
allowing ATP binding in NBS2. Steps 3 & 4: ATP binding to the empty open catalytic subdomain in NBS2 induces its inward
rotation and subsequent occlusion of ATP. This induces opening of NBS1 and release of the hydrolysis products P; and ADP.
Steps 5-7: Repetition of steps 1-4 in the opposite manner with respect to the two active sites (NBS1 and NBS2) to complete
the cycle. NBD — Nucleotide binding domain. NBS — Nucleotide binding site.

catalytic subdomains

The global NBD subdomain conformational changes in the pus timescale between the a-helical and
the catalytic subdomains in different states of the catalytic cycle could be detected on MsbA-NBD
using PET-FCS (Figure 44B and chapter lll: results subchapter 1. see Figure 22). To the best of our
knowledge, this is the first time the precise fluctuation rates of this motion have been described in
an ABC transporter NBD. The ATP-bound state yielded fluctuations in the ps timescale (ATP-bound
state 11 =17 £ 7 us), which were similar time to those observed in the apo and ADP-bound states
(apot1=12 + 5 ps and ADP-bound state 11 =27 + 13 ps). However, we find that the interdomain
fluctuations between a-helical and catalytic subdomain observed by PET-FCS are slowed down upon
binding of nucleotide with magnesium, i.e. in the presence of MgATP (t1=62 + 21 ps) or MgADP
(t1 =255 + 82 ps) (Figure 44B and chapter Ill: results subchapter 1. see Figure 22). This falls in line
with the overall interpretation that nucleotide binding leads to NBD rigidification, although there
seem to be important differences between ATP (Mg) and ADP (Mg) on certain timescales accessible
with our NMR studies. Overall, several options which potentially cause altered global dynamics
between the two subdomains in different catalytic states are conceivable: (i) motion of both
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subdomains is slowed down or is increased or (ii) one of the two subdomain motion changes (Figure
44A). While this cannot be answered satisfactorily based on the available PET-FCS data on MsbA-
NBD, taking the hetNOE and H/D exchange data on LmrA-NBD into account, a slowing down of global
fluctuations between the two subdomains might be based on the nucleotide-induced increase in
rigidity within the catalytic subdomain (Figure 44B). Nonetheless, it is important to note that two
different ABC transporter NBDs were used in PET-FCS and NMR experiments. In addition, only for
MsbA-NBD, but not for LmrA-NBD, an ATPase activity of the purified domain was observed which
may also indicate that there are differences between the two transporter NBDs. Interestingly, the
NMR H/D exchange experiments (Figure 44B and chapter llI: results subchapter 1. see Figure 18) with
LmrA-NBD also showed notable differences for the two subdomains when comparing the apo and
the ADP-bound states. In the apo state, the a-helical subdomain showed a certain “stability”, i.e.
overall very slow H/D exchange (Figure 44B). One could conceive that a bound TMD at this site may
affect this identified “stability” within the a-helical subdomain. The catalytic subdomain on the other
hand was found to be much more stable upon ADP binding (Figure 44B). The data from the chemical
shift perturbation analysis showed no or very low effects within the a-helical subdomain between
apo and ADP-bound states (Figure 44B, chapter lll: results subchapter 1. see Figure 17 and Appendix
16). A prior NMR study on the MJ1267 ABC studied the apo and MgADP-bound state and identified
the a-helical subdomain as the most dynamic part on the ps —ms timescale (based on TROSY spin-
echo experiment for backbone NH resonances!®330331) When MgADP was present within our
chemical shift perturbation analysis, only a few residues in the a-helical subdomain had different
chemical shifts in comparison to the apo state (Appendix 16). Interestingly, adding magnesium and
ADP vyield to disappearing resonances in the region where magnesium is assumed to be positioned
within the NBS, i.e. close to the Walker A and the Walker B motifs. However, within our study further
dynamic analysis with magnesium would be needed in the future for more information about
differences in dynamics in the presence or absence of magnesium and/or nucleotide.

Together, these observations may indicate that ADP binding affects very fast (ps - ns) and rather slow
(ms - s) motions (Figure 44B and chapter lll: results subchapter 1. see Figure 18 and Figure 20) but
not motions on the intermediate timescale (Figure 44B and chapter lll: results subchapter 1. see
Figure 22).

In summary, ADP binding in LmrA-NBD induces rigidification of residues in the catalytic subdomain in
the ms - s and the ps — ns timescale. Rigidification in the ps - ns timescale in the catalytic subdomain
is hypothesized to simultaneously induce local mobility in the a-helical subdomain (Figure 44B). These
dynamic differences are possibly sensed by the TMD and might be important for transmitting
conformational changes back and forth between the NBD and the TMD. Considering that the data
obtained for the NBD in the ADP-bound state reflect the post-hydrolytic state, the “unique” dynamic
profile of this state may have far reaching consequences for substrate unloading and transporter
switching from the outward open to the inward open state before a new transport cycle can begin
again (Chapter I: introduction subchapter 3.4. see Figure 7).
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1.3. Focus on the coupling helix groove — communication about nucleotide occupancy between
NBD and TMD

The TMDs of an ABC transporter interact via their so-called coupling helices with the NBDs. These
helices bind in the interface between the a-helical and the catalytic subdomain of the NBD in the so-
called “coupling helix groove”1>4308332337 (Figyre 46A). Movements induced by nucleotide binding
between the two NBD subdomains can be transmitted from the NBSs to the TMDs via the coupling
helix groove.

A B Coupling helix groove residues distinguish
between ADP and ATP binding

TMD1
—

Coupling -
A

helix2 helix1

Figure 46: Residues in the coupling helix groove affected by nucleotide binding

A) NBD monomer viewed from the NBD-NBD interface. B) Top view (from the membrane) of one NBD monomer with coupling
helix 1 and coupling helix 2 in the coupling helix groove. The coupling helix groove is in the interface between the a-helical
(light gray) and the catalytic subdomain (dark gray). Residues of the coupling helix groove affected by ADP or ATP binding
identified with NMR experiments (chapter Ill: results subchapter 1. see Figure 17) in this thesis are colored in rose. Residues
which could further distinguish between ADP or ATP binding are colored in red. NBS — Nucleotide binding site. PDB ID:
2HYD34,

The coupling helices and the coupling helix groove thus play a pivotal role in transmitting
conformational changes between NBDs and TMDs during substrate transport and ATP binding/
hydrolysis3*338340_ NMR data in this thesis (Chapter llI: results subchapter 1. see Figure 17) revealed
that residues in the coupling helix groove are indeed affected by nucleotide binding (Figure 46).
Interestingly, some residues are even capable to distinguish between binding of ADP or ATP (Figure
46B). These different signals transmitted from NBD to TMD might be related to the observed different
conformations (inward open, occluded or outward open) for type | ABC exporters (type IV fold) in the
presence of different types of nucleotides34°%:91,93,135163,201,202,233,314,341

The observed nucleotide-induced dynamics in our measurements may provide important clues about
the dynamic details of how signals are transmitted between NBD and TMDs via the coupling helix
groove. As described above, nucleotide binding induces mobility within the a-helical subdomain and
rigidity within the catalytic subdomain on the ps - ns timescale (Figure 44B and chapter llI: results
subchapter 1. see Figure 20). Local changes in the dynamic landscape of these two subdomains
presumably influences overall NBD dynamics and thus global movements between the a-helical and
the catalytic subdomain and ultimately between NBD and TMD. Notably, the a-helical subdomain has
a structural diverse region (LmrA “LDLAFARSFVENMPDQLNTEVGERGVK*®, Appendix 2), which
might have evolved to fit to the structural diverse TMDs in ABC transporters®>>4, For LmrA-NBD no
significant influence in the ms —s timescale has been observed within this region in the different
states i.e. apo, ADP-bound and ATP-bound states (Chapter lll: results subchapter 1. see Figure 17 and
Figure 18). Interestingly, in the presence of magnesium and nucleotide a few residues (MgADP-bound
state: A463, A465, V469, G481 and MgATP-bound state: V469, G481) showed differences in their
resonances within the spectra compared to the apo state (Appendix 16). The ps — ns experiments for
LmrA-NBD within this thesis (Chapter Ill: results subchapter 1. see Figure 19 and Figure 20) revealed
overall similar dynamics in the apo and ADP-bound state but some residues became more stable
(D461 and F464) or more flexible (L460, S467, N471 and L476) due to ADP binding. If these dynamics
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in the ps—ns timescale might be able to induce further dynamics within the TMDs remains
unresolved with our experimental approach as the TMDs are missing.

One requirement for movements between the two NBD subdomains is a certain degree of flexibility
in their interface. At the interface between a-helical and the catalytic subdomain the important
Q-loop is located®®?18334 (Figure 46A). As the Q-loop has a primary role in interdomain signal
communication between NBD and TMD®¥6! the obtained Q-loop flexibility seems to be important
for transmitting nucleotide occupancy. Indeed, this region was found to be very flexible on the ps - ns
timescale and on the ms — s timescale in both the apo and the ADP-bound state based on the hetNOE
and H/D exchange data (Figure 44A and chapter Ill: results subchapter 1. see Figure 18 and Figure
19). This indicates that intramolecular subdomain motions can occur both with and without
nucleotide. Furthermore, the observed significant chemical shift differences between the apo and
nucleotide bound states for the Q-loop itself (Chapter lll: results subchapter 1. see Figure 16 and
Figure 17) suggest that the Q-loop can sense and distinguish nucleotide binding, which will be
discussed later in more detail.

1.4. Consequences of nucleotide binding for residues within conserved motifs

Similar to a previously published NMR-based dynamic study on MJ12673%, the results for the
nucleotide binding site (NBS) of LmrA-NBD indicate a “selected fit” model**? (Appendix 37) for binding
of ADP. In this model, the ligand binding site is inherently flexible and able to sample multiple
conformations. When the ligand binds, a specific set of binding-competent states is stabilized favoring
protein ligand interaction. The absence of resonances in the HSQC spectrum of LmrA-NBD for the
Walker A motif residues which are part of the NBS (e.g. K388 and G385)27>27° (Chapter Ill: results
subchapter 1. see Figure 17) in the apo state, indicates interconversion between different
conformations and consequently flexibility. These motions are quenched upon ADP binding hence
leading the resonances to “appear”. It is known that the Walker A motif is responsible for the direct
interaction of the nucleotide with the NBD*, Interestingly, the corresponding residue to the
aforementioned glycine residue (G385) was also reported to be affected by nucleotide binding
(MgADP) in NMR studies on MJ1267 and the NBD of the ABC transporter and ABCB63!93%3,
Furthermore, in crystal structures of ABC transporter NBDs in the apo state, different conformations
for the Walker A motif residues have been observed™*'’, Previously, an increase in flexibility in the
ps - ns timescale was reported for the Walker A motif and its vicinity in MJ1267 upon addition of
MgADP 3%, In contrast, within our observed hetNOE values for residues in and vicinity of the Walker
A motif, we obtain a rigidification in the ps - ns timescale upon nucleotide binding (ADP) in the NBD
of LmrA. When Mg?* was included, this also led to an increase of resonances that were significantly
broadened and complicated the analysis. Similar to what we observed for MsbA-NBD in the PET-FCS
measurements, Mg?* may decisively affect the dynamics of nucleotide binding.

Other residues of conserved motifs showing sharpening of broadened lines upon ADP addition, are
the conserved residues of the H-loop (H543) and the A-loop (Y358). For the A-loop, this has also been
observed for the NBD of ABCB6 with MgADP3*, The A-loop is known to stabilize the adenine ring of
the nucleotide and thus interacts with both ATP and ADP**’. Our NMR data indicates that in the ADP-
bound state, the A-loop and H-loop become stabilized (Chapter lll: results subchapter 1. see Figure
16). The H-loop is known to coordinate the y-phosphate of ATP, the magnesium ion, the attacking
water and the catalytic glutamate!’. Hence stabilization upon ADP binding for the H-loop in our NMR
data (Chapter lll: results subchapter 1. see Figure 16) might be not related to a direct interaction of
the H-loop with ADP, but rather the overall stabilization of the catalytic subdomain when ADP was
added.
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Since most resonances for the residues in the NBS could only be assigned in the ADP-bound state, it
was not possible to retrieve more information about their dynamics, in particular in a state-
dependent manner. Fortunately, the resonances for the residues of the Walker B motif, D-loop and
Q-loop could be assigned within the apo, ADP-bound and ATP-bound states. Here, the respective
resonances showed significant chemical shift differences between the apo and the nucleotide bound
states indicating sensing of nucleotide binding (Chapter Ill: results subchapter 1. see Figure 16 and
Figure 17). Intriguingly, in many cases the chemical shifts differed depending on whether ADP or ATP
were added to the sample, indicating that these residues not only sense binding but can also
distinguish between nucleotides. In addition, more detailed dynamic insights into Walker B motif, D-
loop and Q-loop could be drawn using H/D exchange and hetNOE experiments which were carried
out in the apo and ADP bound states.

The N-terminal residues 1507, M509 and L510 of the Walker B motif (°*’ILMLDE>*?) had a lower solvent
accessibility (i.e. H/D exchange) in the nucleotide-bound state, interpreted as nucleotide-induced
stability in the ms-s timescale (Chapter Ill: results subchapter 1. see Figure 18). This finding,
indicative of a destabilization in the apo state compared to the ADP-bound state, is interesting
because these residues are located in a B-sheet, which in general is very stable. Backbone dynamics
in the ps - ns timescale as gauged by hetNOE experiments of the Walker B motif residues 1507-D511
showed an overall rigidity regardless of the absence and presence of ADP (Chapter lll: results
subchapter 1. see Figure 19). However, when adding nucleotide, the aspartate residue (D511) of the
Walker B motif residues in the ps—ns timescale (i.e. hetNOE experiments) remained rigid but
nonetheless became slightly more flexible. This aspartate residue is known to be involved in
coordinating the magnesium ion'®. In contrast, on the ms—s timescale (i.e. H/D exchange) the
Walker B aspartate residue was very flexible in the apo and the ADP-bound state. As we did not
include magnesium in the hetNOE and H/D exchange measurements, the Walker B motif or at least
presumably the aspartate residue dynamics might be different in its presence. The catalytic glutamate
residue (E512) was found to be the most dynamic residue within the Walker B motif in the ps —ns
timescale (i.e. hetNOE experiments) in the two recorded states. H/D exchange data, which could only
be obtained in the ADP-bound state for the catalytic glutamate residue of the Walker B motif, also
revealed the glutamate to be flexible. An intrinsic flexibility of the catalytic glutamate might be of
relevance for ATP hydrolysis within ABC transporters as this residue is known to be crucial for
effective ATP hydrolysis!®216>289344 " The ISN-HSQC spectra of LmrA-NBD recorded with MgADP
showed that the resonances of the Walker B motif residues D511 and E512 are not present anymore.
This may be caused by line broadening of these resonances.

Overall, the D-loop (°**ASLD>®8) residues are flexible within the ps — ns (hetNOE experiments) and the
ms—s (H/D exchange) timescale in both the apo and the ADP-bound state (Chapter llI: results
subchapter 1. see Figure 18, Figure 19 and Figure 20). Nevertheless, small differences between the
apo and the ADP-bound state were observed. The hetNOE experiments showed slightly more mobility
(compared to the average mobility) for the alanine residue while the aspartate residue showed
slightly more rigidity (but still maintaining an overall relatively high mobility) upon ADP binding. In
contrast, H/D exchange experiments revealed less solvent accessibility of the D-loop alanine residue
upon nucleotide binding, which was interpreted as nucleotide-induced stability (Chapter Ill: results
subchapter 1. see Figure 18). The D-loop has been reported to interact with the H-loop and Walker A
motif of the opposing NBD®168:173.177.207 th s the described differences in the dynamics of the D-loop
residues between the apo and ADP-bound state may be transmitted across the NBD-NBD interface.
Furthermore, the D-loop was reported to be crucial for unidirectionality within a heterodimeric type
| ABC exporter (type IV fold), which might be connected to a certain inducible rigidity within the
D-loop aspartate residuel’?.
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The Q-loop, which connects the catalytic subdomain and the a-helical subdomain, overall remains
flexible upon nucleotide addition, which is in line with observations for other ABC transporters (i.e.
HisP334, MJ0796%*” and MJ12673%°). By comparing the nucleotide-free and nucleotide bound state, our
data reveal the Q-loop to be mobile within the ms — s and the ps - ns timescale, with a small increase
in the already existing flexibility in the ps —ns timescale upon ADP addition (Chapter Ill: results
subchapter 1. see Figure 18 and Figure 20). A flexible Q-loop fits to the assumption in the literature
that the a-helical subdomain is loosely associated to the catalytic subdomain?'®34>, As the Q-loop has
a primary role in interdomain NBD/TMD signal communication, Q-loop flexibility seems to be
important for transmitting nucleotide occupancy®®®*®1, Indeed flexibility between the Q-loop and the
coupling helix (CH1 of the opposing TMD) was reported to be essential for ATPase activity and
substrate transport of the type | ABC exporter (type IV fold), BmrA,

The X-loop is a unique motif within type | ABC exporters (type IV fold) and can transmit
conformational changes of the NBS, via the C-loop (ABC signature motif), to the TMDs!77-179/181,182
When NBDs dimerize in a "head-to-tail” manner, the C-loop comes in contact with the Walker A motif
within the catalytic subdomain of the opposing NBD3#120.168169,171,346347 (Chapter |: introduction
subchapter 3.3.2. Nucleotide binding domains: constitution and function).That the majority of the
residues of the X-loop and C-loop showed no chemical shift and dynamic differences between the
apo and ADP-bound states, might be explained by the absence of an opposing NBD in our
experiments. In general, residues at the N-terminal end of the X-loop (G481-G484) were rigid and
residues at the C-terminal end mobile (T478 and V480) in both recorded states (apo and ADP-bound)
on the ps —ns (i.e. hetNOE, Chapter lll: results subchapter 1. see Figure 19 and Figure 20) and ms —s
(i.e. H/D exchange, Chapter lll: results subchapter 1. see Figure 18) timescale. An exception presents
residue E479 in the X-loop, which seems to be dynamic within the ms — s timescale but not on the
ps — ns timescale.

On the ps — ns timescale, all C-loop residues had intrinsic rigidity independent of nucleotide presence.
However, the H/D exchange experiments revealed a very fast exchange in both recorded states,
indicative of motions within the C-loop on the ms — s timescale.

In summary, chemical shift perturbation experiments of LmrA-NBD (Chapter Ill: results subchapter 1.
see Figure 17) revealed that all conserved motifs located in the catalytic subdomain (Walker A motif,
A-loop, H-loop, Walker B motif, D-loop and Q-loop) “sense” nucleotide binding. NH resonances of
residues of the Walker A motif, A-loop (Y358) and H-loop (H543) “missing” in the apo state were
present in the ADP-bound state. This was interpretated as mobility of these residues in the apo state
and quenching of these motions in the presence of ADP. NH resonances of residues of the Walker B
motif, D-loop and Q-loop could be obtained in the apo, ADP-bound and ATP-bound states. Thus, it
was possible to observe that residues in these motifs (Walker B motif, D-loop and Q-loop) were able
to “sense” and distinguish nucleotide binding. Residues of the conserved motifs of the a-helical
subdomain (X-loop and C-loop) showed no effect upon nucleotide addition.
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1.5. Allosteric coupling of nucleotide binding throughout the NBD: focus on the C-terminal region

In LmrA-NBD, the residues in and around the NBS are the most affected upon nucleotide binding.
Nonetheless, differences in NBD dynamics upon nucleotide binding seem not only to be important in
the NBS but are rather “felt” throughout the NBD. Transition between rigidity and flexibility within
conserved motifs in the NBD of ABC transporters has already been described to be possibly important
for mechanochemical energy transduction®?. In the same study it has been noted that restriction of
correlated protein motions is a central mechanism for allosteric communications. Dynamic coupling
is thus probably the basis of nucleotide-dependent allosteric reorganization processes within the
TMDs to facilitate substrate transport mechanisms and may also enable the transmission of feedback
signals to the NBD due to substrate binding in the TMD. On the other hand, dynamic coupling may
also facilitate NBD-NBD interactions to fine-tune the steps of the catalytic cycle (i.e. nucleotide
binding, ATP hydrolysis, nucleotide release, P; release), across the two NBS in an ABC transporter
dimer. A region of particular interest for NBD crosstalk are the C-terminal helices, a10 and all in
LmrA-NBD (Figure 47). Some residues in these helices were responsive to nucleotide addition
(Chapter llI: results subchapter 1. see Figure 17). Furthermore, chemical shift perturbations could be
observed that differed depending on whether ADP or ATP were added to LmrA-NBD (Chapter Il
results subchapter 1. see Figure 17 and Appendix 16).

In the ms — s timescale (Chapter llI: results subchapter 1. see Figure 18) and the ps - ns timescale
(Chapter lll: results subchapter 1. see Figure 20), the two C-terminal helices were more flexible within
the apo state compared to the ADP-bound state.

Interestingly, in a solution NMR study of the NBD of ABCB6, ~15 residues at the C-terminal end were
predicted to be unfolded from a secondary structure analysis®**3* (chemical shift index-CSl). This C-
terminal loop region (~15 residues) in ABCB6-NBD showed broadened peaks in apo state but distinct
peaks in the MgADP-bound state3*3. Due to this observation and a modelled structure for ABCB6-
NBD, which showed that these C-terminal residues can be close to either of the nucleotide binding
motifs; Walker A, H-loop or D-loop; the authors assumed a C-terminal interaction with one of the
mentioned nucleotide binding motifs in the absence of nucleotide but no or weak interaction in the
MgADP-bound state. Similarly, the crystal structure of LptB (the NBD of the lipopolysaccharide ABC
transporter LptB,FG) revealed that the C-terminal loop of LptB,FG has intramonomer interactions
with the Walker A motif and the H-loop3#. It remains unclear if a similar model could be true for our
LmrA-NBD. The secondary structure predictions of LmrA-NBD in the ADP-bound state?”® indicated
that there are some unfolded residues (~5 residues) at the C-terminal end but not as many as were
predicted for the ABCB6-NBD (~15 residues). Whether the secondary structure differs in the C-
terminus depending on the catalytic state (apo, ADP-bound or ATP-bound) in LmrA-NBD requires
further analyses in the future.

More recently, a molecular dynamic simulation study assumed a possible exit pathway for the
inorganic phosphate after ATP hydrolysis through a hydrated channel from the NBS towards the
C-terminal helices?®. However, it can only be speculated about the exact P; release pathway as only
a picture (Appendix 38) is available of the simulation without further description in the manuscript.
Based on the available figure it seems that P; would be released between the C-terminal helices of
one NBD and the catalytic subdomain of the second NBD. Release of inorganic phosphate might be
important for resetting the transporter to the inward open conformation (Chapter I: introduction
subchapter 3.4. Transport mechanism of type | ABC exporters: “alternating access” mechanism and
its alterations) of ABC transporters?®2, One could assume that the observed rigidification of the C-
terminal helices for LmrA-NBD in the ADP-bound state (Chapter lll: results subchapter 1. see Figure
17) could facilitate P;irelease via this pathway. In our work, ADP as the ATP hydrolysis product was
seen to be important for stabilizing the residues in the C-terminal helix. Hence, this may be favorable
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for the formation of an exit pathway for the second ATP hydrolysis product, the inorganic phosphate.
It may thus be speculated that the C-terminal helices play an important role in the post-hydrolysis
state for P; release.

C-terminal helices Type 11 ABC exporter (type IV)

LmrA-NBD Sav1866 Sav1866 MsbA MsbA MsbA MsbA
jel on 2HYD 2HYD ONJ] RIT) [ [3B5X] 3B6(

Figure 47: C-terminal helices of NBDs of type | ABC exporters (type IV fold). The transporter structures are shown in apo
and nucleotide bound state in a side view and a view from cytoplasm. PDB IDs of shown transporters: Sav1866 (2HYD34,
20NJ*91), MsbA (7RIT3%0, 6UZ22%, 3B5X135, 3B603°), P-gp (, 4F4C8¢, 3G5U%8, 6COV63), ABCB10 (3ZDQ*83, 4AYW?83), PglK
(5C76%2, 5C73?%2), TM287/288 (4Q4H?°, 4Q4A%°) and TmrAB (5MKK®%, 6RAN?%2, 6RAI?%?, 6RAK?0?). Missing amino acids of
structures are shown as numbers below the C-terminus. If no number is shown all amino acids of the C-terminus are resolved
in the structure. An exception builds P-gp because it is a single polypeptide with two homologous halves, with non-resolved
amino acids in the connection region between the two halves and non-resolved amino acids at the C-terminal end (shown in
the structures of P-gp).

In TmrAB, a heterodimeric type | ABC exporter from Thermus thermophilus, the C-terminal helices
were renamed “zipper helices” and shown to be important for efficient substrate translocation®
(Figure 47). As these interactions between the C-terminal “zipper helices” are weak in the apo state,
movements of these helices relative to each other may occur during structural changes necessary to
adopt different conformations (outward facing or occluded conformation) during the catalytic cycle.
Reorientation of the “zipper helices” in the different catalytic steps was further supported via
crosslinking experiments of TmrAB®. In agreement with the data on TmrAB, the C-terminal region (C-
terminal domain including C-terminal helix and C-terminal loop) of the ABC mechanotransducer/

extruder LptB,FG was also found to be important for substrate translocation3®.
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Over the years, many inward open apo state structures with separated NBDs have been reported,
thus somewhat contradicting the idea that the “zipper helices” always loosely associate the two
NBDs. The majority of the type | ABC exporter (type IV fold) structures (Figure 47, Pglk?>2, ABCB103,
CmABCB13*!, MRP13!! and CFTR*?) confirm the finding for P-gp4186353355 and its ortholog,
MsbA3>30 that in the absence of nucleotides, the NBDs are widely separated and hence also their C-
termini do not interact. Interesting in this context is the fact that in the structure of ABCB10 16 amino
acid residues of the C-terminus are not resolved in the shown structure, hence the C-termini of the
NBDs might be able to interact, but it cannot be seen in the ABCB10 structures (Figure 47). Another
observation is that the complete resolved C-termini of PgIK do not have the C-terminal helices, which
might promote that NBDs are separated in the apo state (Figure 47). However, there are also
numerous structures reported, even before TmrAB®®, where the C-termini are involved in contacts to
the opposing NBD in the apo state, e.g. in MsbA®*> and TM287/288%° (Figure 47). Indeed, the number
of ABC transporter structures showing NBD interaction via its C-terminus seems to grow
Steadi|y251'356'357.

However, it should be noted that X-ray crystallography can only reveal snapshots of proteins that may
have many, potentially quite dynamic conformations. Cryo-EM is capable to capture different
conformations of proteins3>8-3¢°, but studies still often focus on a single 3D class with the best final
resolution, thus other conformations might be neglected. Nevertheless, cryo-EM studies of P-gp®®?,
MsbA?* and TmrAB2°? discovered more than one state in one catalytic step of type | ABC exporters
(type IV fold). P-gp was observed in both an inward (NBDs apart) and an outward facing (NBDs close)
conformation without nucleotide®!. A population of a conformation in closer contact between the
C-terminal helices in the apo state might also occur in other type | ABC exporters (type IV fold), which
may have not resolved yet because of its dynamics, which may lead to lower resolution in cryo-EM

studies and no crystals in X-ray crystallography.

Type | ABC importers (type | fold) and ECF transporters (type Il fold, Figure 48) have large C-terminal
domains attached to their NBDs. These C-terminal domains are responsible for keeping NBDs in close
contact’#’® or have other regulatory functions. For example, the C-terminal domain of the type | ABC
importer (type | fold), ModBC regulates substrate uptake by binding the substrate, resulting in
inhibition of substrate import3¢#33, Thus, a role of the C-terminal region of type | ABC exporters might
also play a role for NBD organization as well as substrate transport. In the literature a connection of
substrate transport with the C-terminal region has been described®:3%. Interestingly, the recorded
NMR experiments within this thesis showed that nucleotide binding leads to changes within the C-
terminal region in the LmrA-NBD (Chapter lll: results subchapter 1. see Figure 17), which might be
important for allosteric effects resulting to a functional substrate transport. For further studies it will
be interesting to analyze whether and how the C-terminal region is affected when a substrate or both
substrate and nucleotide are bound to a type | ABC exporter (type IV fold).
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Figure 48: C-terminal helices and C-terminal extensions of NBDs of ABC transporters. The transporter structures are shown
in apo and nucleotide bound state in a side view and a view from cytoplasm. PDB IDs of shown transporters: MalFGK>-MalE
(3PV0214, 2R6G74), BtuCsD,-BtuF (2QI9364, 4FI3365), EcfTAA’-FoIT (5JS2366, 5D3M366), ABCG2 (6VXF367, 6HBU38), LptB,FG
(5X5Y78, 658G3%°), MacB (5NIL8¢, 5L177°).

“Static” structural X-ray and cryo-EM studies of ABC transporters have been complemented with
spectroscopic data to obtain important insights into the dynamics of e.g. the C-termini of an ABC
transporter. Different modes of binding were identified for substrate and inhibitors within P-gp31>32,
In that study, EPR labeling positions within one C-terminal helix in P-gp were demonstrated to be
highly dynamic in the apo, substrate-bound, AMP-PNP-substrate-bound and ATP-substrate-bound
states. Only in the substrate-bound post-hydrolysis state (ADP-V; substrate) a rigidification and a
closer distance for the C-terminal helix area was noted. In the case of LmrA, EPR studies with a label
attached to the C-terminal helix a10 showed a high degree of flexibility in this region in all catalytic
stages of the ATPase cycle®*. Considering that the C-terminal region of one NBD come in close contact
to the second NBD in the catalytic cycle, the C-terminal region (C-terminal helices) may play an
important role for transmitting conformational changes between the NBDs upon nucleotide binding
(as hypothesized also from the data of the presented study). A transient contact between the C-
terminal regions could also be possible within the native (membrane) environment as the degree of
opening between the NBDs seems to depend on the lipid environment?1251,263,268,370,371
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1.6. On the physiological relevance of the dynamic and structural differences in nucleotide
binding states

Differences obtained within our data between the chemical shifts in (Mg)ADP- and (Mg)ATP-bound
states of the LmrA-NBD reflect the difference in structural dynamics between the pre- or post-
hydrolysis states within the catalytic cycle of an ABC transporter (Chapter I: introduction subchapter
3.3.3. Models for the ATPase catalytic cycle in the NBD during the transport mechanism and 3.4.
Transport mechanism of type ABC exporters: “alternating access” mechanism and its alterations). The
observed differences indicate that pre- and post-hydrolysis states are characterized by the
propagation of distinct allosteric intramolecular signals from the NBS throughout the NBD and
possibly beyond. For example, it was shown in this thesis that in particular the Q-loop and the
coupling helix groove are affected by nucleotide binding. These intramolecular signals might induce
different conformational changes within the TMDs, leading to occluded- or outward-facing
conformations within the ABC transport mechanisms (Chapter I: introduction subchapter 3.4.
Transport mechanism of type ABC exporters: “alternating access” mechanism and its alterations).

In addition, it was shown that specific residues react differently to ATP and ADP. This could lead to
different intradomain signals in each NBD of the NBD dimer, especially when the nucleotide
occupancy is asymmetric, i.e. when in one NBS ADP is bound and in the second NBS ATP. For the
interpretations made here, it should be kept in mind that distinct recognition of ATP analogues has
been suggested for homodimeric and heterodimeric NBDs?*°. Thus, dynamic details may differ
between different ABC transporters also depending on whether they form homo- or heterodimers.

Finally, in the data presented here for the LmrA-NBD WT, magnesium ions seem to destabilize the
NBD monomer as less resonances were observed in the TROSY 'H->N HSQC spectra (Appendix 17).
This could play a role for resetting the catalytic mechanism. Notably, in previous studies for P-gp a
lower nucleotide binding affinity was recorded in the presence of magnesium ions®’2, Comparing the
affinity of ADP and ATP to the NBD of LmrA, ADP was identified to have the higher affinity. The role
of the ADP-bound state within the transport cycle may potentially be underestimated, although it is
an important transition state within the catalytic cycle of ABC transportersi®®?>2, For instance, the
structures of the type | ABC exporter (type IV fold), PglK revealed two inward open apo conformations
and an outward occluded ADP-bound conformation. Since occluding the inward open cavity did not
affect the transport activity of PglK, it was concluded that only the outward open (nucleotide-bound)
states are able to perform substrate transport. If this is also true for other type | ABC exporters (type
IV fold) remains elusive, as PglK has some unusual structural features for substrate recognition, which
are not found in other proteins with a type | ABC exporter (type IV) fold. There is currently no
indication that the ABC transporters investigated here are able to conduct the same substrate
translocation mechanism as PglK. In MsbA a similar mechanism to transport Lipid A across the
membrane may occur as structures for MsbA showed potential lipid A binding sites within a cavity
between the TMDs but also on an outer surface cleft®”2. This surface cleft seems to be at a similar
position as the unusual structural feature in PglK, which has been described to be involved in lipid
(i.e. lipid-linked oligosaccharides) transport, indicating that lipid A could follow a similar mechanism
in MsbA. Nevertheless, more details about the mechanism in MsbA would be needed to provide
evidence for a similar lipid transport mechanism as in PgIK. However, it may be speculated for ABC
transporters in general, that the ADP-bound state is not just a product of ATP hydrolysis, but rather
an essential part of the substrate translocation cycle, used for example to block the re-binding of a
just released substrate by maintaining the ABC transporter in an outward occluded state for longer.
Our data also reveal that dynamically, the ADP-bound (post-hydrolytic) state seem to be the most
stable state for the LmrA-NBD within the catalytic cycle.In the cell, millimolar concentrations of ATP
and micromolar concentrations of ADP are present?32374 which argues for the presence of either an
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ADP- or an ATP-bound state in the transport cycle at all times, while an apo state (inward-facing
conformation) might occur only transiently and be lowly populated. The higher affinity for ADP could
enhance the probability for an ABC transporter to occupy the outward open state. Only when the
local concentration of ATP is high enough, ATP replaces ADP for a new transport cycle. A high ADP
affinity may also be favorable in the context of the reported coupling of ATP hydrolysis with a putative
adenylate kinase activity for ABC exporters (MsbA, LmrA and TmrAB)?’¢. For different type | ABC
exporters (type IV fold), a broad range of affinity values for ATP and ADP have been measured
(Appendix table 4). Many studies that determine nucleotide affinities to type | ABC exporters (type
IV fold) show very different results, which might be related to the used techniques and the specific
ABC protein investigated. However, the previously obtained affinities for MsbA for binding ATP or
ADP32 (with fluorescence quenching experiments) seem to be in the same range as the affinites we
observe for LmrA-NBD with NMR experiments and agree on a higher binding affinity for ADP over
ATP®32_ |n this context it has to be considered that for several ABC transporters, such as P-gp*” or
MalFGK,%’8, an increase in ATP affinity by substrate binding has been described, which cannot be
assessed when studying isolated NBDs.

In this chapter, detailed allosteric and dynamic consequences upon nucleotide binding on the most
conserved region within ABC transporters, the NBD, were described. The observations how
nucleotide interaction affects NBD dynamics across timescales lead to hypotheses how the
transmission of nucleotide occupancy within the NBD, from the NBS to the TMD or between the NBD-
NBD interface may occur during the substrate transport mechanism.

135



CHAPTER IV:
DISCUSSION

2. NBD INTRADOMAIN CROSSTALK: FOCUS ON D-, Q- AND H-LOOPS

NBDs contain several conserved sequence motifs that are pivotal for the catalytic cycle of ABC
transporter such as the D-loop, Q-loop and H-loop. Monitoring structural and dynamic intradomain
interactions in regions in and around these conserved motifs is difficult in the context of the full-
length transporter but can be carried out on isolated NBDs in a relatively straight-forward manner.
Combining mutagenesis studies and NMR spectroscopy on the ADP-bound LmrA-NBD, it was possible
to reveal which NBD regions are structurally and dynamically connected to the D-, Q- or H-loops
(Chapter Ill: results subchapter 2. see Figure 28, Figure 32, Figure 33 and Figure 34).

The data from chapter Il results subchapter 2. Role of conserved motifs in the NBD of multidrug ABC
transporters show that the residues forming the D-, Q- and H-loops sense nucleotide binding and can
also distinguish between ATP and ADP. Upon mutation of either D-, Q- or H-loop residues, regions in
the proximity of the mutation were affected, but intriguingly also remote regions, e.g. residues in the
coupling helix groove and the C-terminal region showed chemical shift differences (Chapter lll: results
subchapter 2. See Figure 28 and Figure 34). These results indicate a crosstalk between the conserved
motifs and remote NBD regions. Furthermore, D-, Q- and H-loop communicate with other conserved
motifs such as the Walker A and Walker B motifs. No or minor effects on structure and dynamics in
A-loop, X-loop and C-loop were observed by the inserted mutations.

2.1. Crosstalk of D-, Q- or H-loop with the Walker A and Walker B motifs

The resonances of the conserved Walker A motif, which is known to be involved in nucleotide
binding'®* could be shown to change in *N-labeled LmrA-NBD when either the H-loop histidine and
D-loop aspartate residues were mutated (Chapter Ill: results subchapter 2. See Figure 28). This is
despite the fact that crystal structures of NBDs with mutated H-loop (e.g. HlyB) show no difference
in the arrangement of the Walker A residues compared to the wildtype protein'’?, thus highlighting
the importance of complementary, spectroscopic studies. In contrast to H- and D-loop mutants, no
chemical shift perturbation for the Walker A motif was noted when the Q-loop glutamine residue was

mutated, indicating that these conserved motifs do not undergo crosstalk (Chapter Ill: results
subchapter 2. see Figure 28). In a second step, the backbone dynamics of WT and D-, Q- or H-loop
point mutants in LmrA-NBD were compared using HetNOE experiments (Chapter Ill: results

subchapter 2. see Figure 34). These experiments reveal that H-loop, D-loop and Q-loop residues can
influence the dynamics of the Walker A motif. More specifically, these NMR experiments indicate
that in LmrA-NBD WT, the D-loop and Q-loop play a role in mobility and stability of the Walker A
motif. The H-loop histidine residue in the LmrA-NBD shows to be relevant for rigidity within the
Walker A motif (Chapter Ill: results subchapter 2. see Figure 34C/D). However, despite the dynamic
differences in the Walker A motif, the D-, Q- and H-loop mutants had no effect on the affinity of LmrA-
NBD to nucleotides, as Kp-values were found to be in the same range as for LmrA-NBD WT (Chapter
I1I: results subchapter 2. see Figure 27B/C). This finding is in line with data from the literature where
nucleotide binding still occurred when the D-loop aspartate, Q-loop glutamine or the H-loop histidine
residue was mutated, even if ATP hydrolysis abolished'’* or decreased®®¢! in the respective ABC
transporter.

In addition to the Walker A motif, the Walker B motif is the second hallmark of ABC transporters. The
NMR experiments (Chapter Ill: results subchapter 2. see Figure 28, Figure 32, Figure 33 and Figure
34) in this thesis show that Walker B motif residues also senses when the D-, Q- or H-loop residues
are replaced by alanine (D518A, Q430A and H543A). These results indicate a communication between
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the Walker B and the D-, Q- and H-loop. Dynamics obtained by HetNOE experiments for the NBD WT
in the ADP-bound state showed that the Walker B motif residues >”’ILMLD>!! are rigid and only the
catalytic E512 is mobile (Chapter lll: results subchapter 1. see Figure 20). Comparison of the dynamics
of the three ADP-bound LmrA-NBD mutants (D518A, Q430A or H543A) showed that only the catalytic
glutamine (E512) decreased in flexibility in the mutants (Chapter Ill: results subchapter 2. see Figure
32, Figure 33 and Figure 34) Conversely, this means that the D-, Q- and H-loop in the WT LmrA-NBD
contribute to stabilization of the glutamine residue. H-loop histidine has been described to promote
ATP hydrolysis by forming a stabilizing hydrogen bond to the transition states of the catalytic cycle,

where the glutamine residue was described to support this stabilization’2.

2.2, Communication of the D-, Q- and H-loops with the D-loop helix

The NBD-NBD interaction within the catalytic cycle of type | ABC exporter (type IV fold) is in part
mediated via the D-loop of one NBD and the Walker A motif of the opposing NBD. Those interactions
have been reported to be abrogated in the absence of nucleotides in e.g. the heterodimeric type |
ABC exporter, TM287/288%. Major rearrangements occur between nucleotide-bound and apo states
within the D-loop and the D-loop helix. This led to the hypothesis that D-loop helix dynamics and
intra-NBD-domain interaction of the D-loop helix with the D-loop play an important supportive role
for the opening and closing of the NBD dimer®. Vakkasoglu et al. reported that the non-
homodimerizing NBD of the human type | ABC exporter TAP was able to form NBD dimers when D-
loop helix residues from the homodimerization competent rat TAP1 NBD were introduced®”’. These
findings support the notion that D-loop helix residues play an important role in the NBD-NBD
interaction. Another study on the TAP D-loop showed that a D-loop aspartate to alanine mutation
destabilizes the beginning N-terminal residues of the D-loop helix}”*. The NMR data on LmrA-NBD
show that the D-loop aspartate and the H-loop histidine residues are important for stabilizing the D-
loop helix. Upon mutation of the conserved D- and H-loop aspartate and histidine, the D-loop helix
residues showed strong dynamic differences (i.e. D-loop mutant lead to an increase in flexibility and
the H-loop mutant lead both increase and decrease in flexibility in the D-loop helix) compared to the
LmrA-NBD WT in the HetNOE data (Chapter IlI: results subchapter 2. see Figure 32A/B/D, Figure
33A/B/D and Figure 34A/C). The effects of mutating the Q-loop glutamine on the D-loop helix
dynamics were less pronounced but nonetheless indicate a role for the Q-loop in the flexibility of this
NBD region (Chapter Ill: results subchapter 2. see Figure 32C, Figure 33C and Figure 34B).

2.3. Crostalk between coupling helix groove and D-, Q-, H-loops

In ABC transporters, the NBD structurally connects to the TMD via the coupling helix groove, into
which the TMD coupling helix locks like a ball in a socket3+13>148183,186,332,333,335336 (Fjayre 49). The
groove is comprised of residues 1425-S432 (LmrA). These residues form part of the B5-strand of the
NBD and are located in the vicinity of the Q-loop glutamine residue. Upon mutation of the D-, Q- or
H-loops, large chemical shift perturbations were observed for the residues in the coupling helix
groove (Figure 49, Chapter llIl: results subchapter 2. see Figure 28 and Figure 29).
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Figure 49: Coupling helix groove residues affected by mutation of D-, Q- or H-loop in the NBD of LmrA

A) Sequence alignment (www.ebi.ac.uk/Tools/msa/clustalo/32°) for the NBD region of the coupling helix groove of type | ABC
exporters (type IV fold). The corresponding secondary structure elements of LmrA-NBD (modeled on Sav1866 PDB ID: 2HYD3?)
are displayed. Numbering based on LmrA. Residues “crosstalking” with D-, Q- or H-loop of the coupling helix groove are
highlighted in rose. The conserved Q-loop glutamine residue is displayed in green. Residues that show chemical shift
perturbation compared to the WT upon introduction of point mutants in the D-, Q- or H-loop are highlighted in pink. Of note,
residue V428 in the LmrA coupling helix groove was one coupling groove residue affected by the introduction of all mutants
and is highly conserved among type | ABC transporters. B) Interface between TMDs and the NBD (coupling helix groove) in
the type | ABC exporter Sav1866 (PDB ID: 2HYD34) highlighting the region which is interacting with the D-, Q- or H-loop (pink).
D-, Q-, and H-loop are indicated in cyan, green, and violet, the nucleotide in light purple. C) Residues in the coupling helix
groove affected by mutating the D-loop, Q-loop or H-loop identified by chemical shift perturbation analysis with NMR
experiments are colored in dark cyan (in D518A mutant), dark green (Q430A) or dark purple (H543A), respectively. The
coupling helix groove is in the interface between the a-helical (light gray) and the catalytic subdomain (dark gray).
NBS — Nucleotide binding site. NBD — Nucleotide binding domain. TMD — Transmembrane domain.

The resonances for residues V428, D431 and S432 in the LmrA-NBD coupling helix groove, reacted to
mutations in all three conserved motifs, H-loop (H543A), D-loop (D518A) and Q-loop (Q430A) with
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shift changes compare to the WT. Interestingly, V428 seems to be conserved across type | ABC
exporters (Figure 49, Chapter Ill: results subchapter 2. see Figure 29) and therefore may be crucial
for crosstalk between the NBD and TMD. In summary, D-, Q- and H-loop motifs are able to
communicate with the coupling helix groove. It is known that the coupling helix groove translocates
signals such as nucleotide occupancy from the NBD to the TMD and is thus important for substrate
transport. Inactivity in substrate transport has been described in the literature when the D-loop of
type | ABC exporters (i.e. MsbA2!! and TM287/288%°) were mutated due to defective NBD-TMD %211,
Likewise, due to the chemical shift perturbation observed for resonances of coupling helix groove
residues upon mutation of the D-, Q- and H-loop, it may be speculated that these mutations also have
transport defects in LmrA due to faulty NBD-TMD crosstalk. When the Q-loop was mutated in both
NBDs of the type | ABC exporter P-gp, this resulted in the loss of ATPase activity and the ability to
perform a conformational change within the TMDs, and thus transport capabilityzolner®®!, In
contrast, the single Q-loop mutants of P-gp were still able to maintain an almost P-gp WT like
transport function and substrate binding, thus showing that such mutations in one NBD can at least
be partially compensated.

Also, the H-loop motif (switch loop) with its invariant histidine residue, was described to be essential
for transport and ATP hydrolysis, but not for ATP binding in ABC transporters?!>217.378-382 |t has been
proposed that the H-loop histidine participates in conformational changes of the NBD after ATP
binding®. Considering the observation that mutagenesis of the H-loop also led to chemical shift
changes for coupling helix groove residues in LmrA-NBD (i.e. CSP data H-A mutant, Figure 49C,
Chapter lll: results subchapter 2. see Figure 28 indicates that the H-loop may be involved in structural
coupling to the TMDs and subsequently affect substrate transport. However, it should be noted that
this observation was made with ADP-bound protein. Whether the crosstalk between coupling helix
groove and the D-, Q- or H-loops is similar or different in other catalytic states requires further
investigation.

2.4, Long-range communication of D-, Q- and H-loops with the C-terminal region

In this study, it could be shown that mutations of the D-, Q- and H-loop affect residues in the C-
terminal region of LmrA-NBD, as these residues showed notable chemical shift differences compared
to the WT. Thus, the C-terminus might be able to sense conformational and dynamical changes of D-
, Q- or H-loop invoked by nucleotide binding or hydrolysis. Interestingly, the mutation of the H-loop
seemed to affect the C-terminal region the most, here the strongest chemical shift perturbations and
differences in dynamics (i.e. in hetNOE experiments, chapter Ill: results subchapter 2. see Figure 28C
and Figure 34C/D, see below) compared to the WT were observed. It remains to be shown whether
the opposite is also true, i.e. whether mutations in the C-terminal regions of the NBDs also affect the
conserved residues in the NBD. In chapter IV: discussion 1.4. (see also Chapter lll: results subchapter
1. Figure 16 and Figure 17) it was described that D-, Q- and H-loops “sense” nucleotide binding.
Therefore, their “reaction” to nucleotide addition could also be recognized by residues of the C-
terminal region. Whether the C-terminal region also affects the conserved motifs is not yet known.

Interestingly, mutations in all three conserved motifs show differences in NBD dynamics of the C-
terminal helices (a10 and al11) of the NBD in HetNOE experiments (Chapter lll: results subchapter 2.
see Figure 34). This is particularly pronounced for a-helix 11. As the C- terminal helix has been
described to influence substrate transport of the type | ABC exporter (type IV fold) TmrAB® by
interacting with the opposing NBD, dynamics in this helix might be crucial for proper substrate
transport and NBD interaction. Interestingly, this would indicate that D-, Q- and H-loop are indirectly
involved in this process, too.
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In a solution NMR study by Kurashima et al. on the NBD of the type | ABC exporter ABCB63%, it was
hypothesized that the C-terminal loop region interacts directly with the conserved D-loop and H-loop
motifs in the apo state. In addition, it was suggested that there is no or only a weak interaction in the
MgADP-bound state3#, as the authors reported broad peaks in the C-terminal loop region in the apo
state but distinct peaks in the MgADP-bound state. Another study of the NBD of the LptB ABC
transporter identified a unique C-terminal loop in an NBD crystal structure, which also showed an
intradomain interaction with the H-loop3*°. At the moment, it cannot be concluded whether a direct
interaction of D- and H-loop residues with the C-terminus of LmrA-NBD can lead to the observed
chemical shift and dynamic changes in the C-terminal helices, but the data (i.e from CSP and hetNOE
experiments, Chapter lll: results subchapter 2. see Figure 28 and Figure 34) strongly suggests that
there is crosstalk between these regions within the monomeric NBD.

2.5. NBD intradomain crosstalk between D-, Q- and H-loop

Mutagenesis studies of the D-, Q- or H-loop residues (D518A, Q430A and H543A) in *N-labeled LmrA-
NBD revealed an influence on each other’'s chemical shifts, which indicates intra-domain
communication between these conserved motifs (Chapter lll: results subchapter 2. see Figure 28 and
Figure 30). In addition, the D-loop aspartate can “sense” and distinguish nucleotides, but this ability
requires an intact H-loop. In contrast, mutation of the Q-loop glutamine did not interfere with the
ability of the D-loop. However, regardless of whether D- or H-loop were mutated, the Q-loop was
always able to “sense” nucleotide occupancy (although without distinguishing between pre- and
post-hydrolysis state). Nevertheless, long range transmission of the information whether a nucleotide
is bound may be defunct in all NBDs with mutated D-, Q- or H-loops, since NMR peak positions were
shifted compared to LmrA-NBD WT in all cases (Chapter lll: results subchapter 2. see Figure 28 and
Figure 30). These observations could thus be one cause for observed defects in ATPase activity and/or
substrate transport reported in literature when mutating the conserved D-loop aspartate®174211.276
Q-loop glutamine®®! or H-loop histidine residue!’%215-217,

Analysis of backbone dynamics within the ps —ns timescale (Chapter Ill: results subchapter 2. see
Figure 32, Figure 33 and Figure 34) showed that the H-loop dynamics are connected to the integrity
of the D-loop and Q-loop and vice versa, whereas the respective D-loop and Q-loop mutations had
no effect on each other’s dynamics. For the ABC transporter haemolysin B (HyIB), an interaction of
the Q-loop residue with the extended D-loop region in the ADP-bound state has been described®.
The results from this thesis confirm such a crosstalk for LmrA-NBD, indicating that it may be a general
feature of ABC transporter NBDs (Chapter lll: results subchapter 2. see Figure 28). In the HylIB study,
the a-helical subdomain is described to rotate outward after ATP hydrolysis (P; release) and then is
pinned in this position caused an interaction of the Q-loop and the extended D-loop region. The
authors conclude that the D-loop might be important to hold a non-productive position of the NBD
in the absence of ATP, because of that pinning. The described pinning between those two regions (Q-
loop and this extended D-loop region) might be an explanation that no dynamic interaction between
the Q-loop and the D-loop (Chapter lll: results subchapter 2. see Figure 32, Figure 33 and Figure 34)
were noted within this thesis in the ADP-bound state.

As mentioned above, the dynamics of the H-loop histidine residue were found to be dependent on
the integrity of the Q-loop and the D-loop region (Chapter lll: results subchapter 2. see Figure 34).
Specifically, it was shown that the histidine residue is associated with mobility of the Q-loop and the
D-loop. Furthermore here (Chapter lll: results subchapter 2. see Figure 34), it was found that the H-
loop histidine is a major player in stabilizing the D-loop aspartate residue and the C-terminal residues
of the D-loop (i.e. D-loop helix a8 in LmrA-NBD, chapter llI: results subchapter 2. see Figure 34A and
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Appendix 23). Molecular dynamic simulations of the ABC transporter, Sav1866 reported that both D-
loop and D-loop helix movements occur in concert with movements of the a-helical subdomain®’3,
Similarly, because we observed coupling between H-loop and D-loop structural dynamics, the H-loop
might be indirectly involved in the movements of the a-helical subdomain of the LmrA-NBD. We also
found that all three conserved motifs seem to play an important role for mobility in the ps—ns
timescale within the a-helical subdomain (Chapter Ill: results subchapter 2. see Figure 34). As
described before, mobility of the a-helical subdomain may be important for the substrate transport
mechanism within ABC transporters (Chapter IV: discussion subchapter 1.1. and 1.2.). Reduced
ATPase activity in H-loop mutants may also potentially be explained via a change in the observed
network of the H-loop residue in this thesis. Specifically, cross-linking to the flexibility of the Q-loop
and the D-loops has been proposed to be important for the formation of a hydrolysis competent
active site in ABC transporter NBDs!71/173,215-217,380,382,383

Finally, interdomain crosstalk of the H-loop with the D-loop of the opposing NBD has been described
to be crucial for NBD-NBD communication’®. However, but the results presented in this thesis
(Chapter lllI: results subchapter 2. see Figure 28 and Figure 30) indicate that the H-loop histidine
residue is already a key “team player” for NBD intradomain crosstalk.

2.6. Crosstalk mediated by LmrA-NBD D-loop variants
2.6.1. Role of the D-loop aspartate residue for substrate transport and ATPase activity

As outlined in chapter llI: results subchapter 2. Role of conserved motifs in the NBD of multidrug ABC
transporters, the role of the D-loop aspartate in substrate transport and ATP hydrolysis in different
bacterial ABC transporters was investigated with biophysical methods and functional assays (Chapter
Il: results subchapter 2. see Figure 28A, Figure 32A/B, Figure 33A/B, Figure 34A/D and Figure 37).
When mutating the aspartate residue to an alanine, substrate transport and ATP hydrolysis were
reduced or fully abrogated (within full-length BmrA and MsbA-NBD, Chapter Ill: results subchapter 2.
see Figure 37), but nucleotide binding was still possible within the NBD of the studied transporters
(LmrA-NBD, MsbA-NBD and BmrA-NBD, Chapter lll: results subchapter 2. see Figure 27 here
nucleotide binding shown for LmrA-NBD-D518A). In a study on heterodimeric TAPY4, mutation of
both D-loops led to inactive substrate transport. Strikingly, when mutating only one D-loop (NBD
consensus site D-A) substrate translocation (i.e. for TAP peptide translocation) still occurred in the
presence of different nucleotide variants (ADP, ATP, AMPPNP) but ATP hydrolysis was disrupted.
Thus, the D-loop is important for the transporter “knowing” whether and which nucleotide is bound.
Our chemical shift perturbation data of the LmrA-NBD WT monomer supports the notion that the D-
loop can indeed “sense” and distinguish between nucleotides (Chapter Ill: results subchapter 1. see
Figure 16 and Figure 17). Flexibility of the D-loop was reported to be important for ATP hydrolysis
and substrate transport for numerous type | ABC exporters (type IV fold) such as, MRP1%%
TM287/288%° and Sav1866'73. Our data (Chapter llI: results subchapter 2.3. Fast Backbone Dynamics
of LmrA-NBD D-, Q- or H — loop mutants in the ADP-bound state) on an isolated NBD also support a
key role for D-loop flexibility and an alteration in NBD flexibility, when the conserved aspartate is
mutated to alanine. In this mutant (in LmrA-NBD), no increase in flexibility in the ps-ns timescales was
observed within the other conserved D-loop residues (Chapter llI: results subchapter 2. see Figure
32A/B, Figure 33A/B and Figure 34A/D), however neighboring residues, in particular the D-loop helix
(a8 based on LmrA-NBD, Chapter Ill: results subchapter 2. see Figure 32A/B, Figure 33A/B and Figure
34A/D), showed major increase in flexibility. Notably, when comparing LmrA-NBD WT and LmrA
D518A, an increased number of resonances showed severe line broadening in the mutant (Chapter
Ill: results subchapter 2. see Figure 28A), further supporting the notion that the D-loop mutation
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alters NBD dynamics (i.e. increase in flexibility for these NBD regions) across different timescales. As
described above, D-loop and D-helix movements occur in concert with movements of the a-helical
subdomain!’®, hence the observed change in dynamics in the D-loop helix may alter a-helical
subdomain movements. Consequently, a D/A mutation in the D-loop may induce different
conformational changes within the TMD and hence lead to inactive or passive transport as observed
in TAPY#, Differences in transmission of intradomain conformational changes upon D-loop mutation
which lead to deficient substrate transport might be further supported by a study of Schultz et al.,,
where they report an increased instead of a decreased ATP hydrolysis for a D-loop aspartate mutant
(D/G) in MsbA, which also led to a deficient substrate transport?!!. In contrast, for a D/A mutant in
MsbA no ATP hydrolysis was reported?’®, in agreement with our observations for D-loop alanine
substitutions. It remains to be seen whether a glycine mutation in the D-loop leads to increased
flexibility and can thus explain the observed differences.

2.6.2. Role of D-loop sequence organization - ASLD/ SALD/ SSLD

The consensus sequence for the D-loop is SALD. However, when comparing the NBDs studied in this
thesis, sequence differences were noted. Only MsbA (°°*SALD>!?) adheres to the “classic” sequence,
while both LmrA (**>ASLD>*8) as well as BmrA (°°’SSLD>'?) diverge from the consensus sequence. This
prompted us to investigate what the functional consequences of a sequence exchange would entail
for three ABC transporters. Herein, the mutants of full-length BmrA D-loop SSLD to SALD or ASLD
showed that they could still perform substrate transport (Chapter lll: results subchapter 2. see Figure
37). Intriguingly, basal ATP hydrolysis was increased for the ASLD mutant. However, stimulated
ATPase activity through substrate addition, a common observation for ABC multidrug transporters,
was abrogated in this mutant. These observations indicate that the N-terminal serine residue of the
D-loop (3°7S-SLD) in BmrA is important for ATP hydrolysis. The fact that substrate transport was not
changed by a higher ATP turnover rate in the ASLD mutant thus indicates that ATPase activity and
substrate transport may not be optimally coupled in this mutant. Moreover, these observations may
argue for a “capping” of ATP hydrolysis by the D-loop in BmrA WT (SSLD). Increased ATP hydrolysis
has been described for the D-loop aspartate mutant within TM287/288 and has been assumed to be
caused by loss of intradomain interactions between the C-loop (ABC signature motif) and the D-loop
aspartate®. Whether something similar is also the case within BmrA ASLD will require further
investigation. Interestingly, another study for MsbA2%2 with its consensus SALD D-loop sequence also
described very diverse effects on ATP hydrolysis by mutating the different D-loop residues. An S to C
mutation (*°*C-ALD) resulted in similar ATPase activity as the WT%%2, When mutating A to C (S-31°C-LD)
the protein was not expressed whereas mutation of the terminal L and D to C (SA->''CD and SALC>'2)
lead to 4% and 10% of ATP hydrolysis, respectively. Together, all results indicate that the amino acids
of the D-loop can fulfill very different functions within the NBD, which are important for regulation
of ATP hydrolysis, but the structural details remain to be elucidated.

The differences in ATPase activity observed in this thesis for the full-length D-loop variants of BmrA
(BmrA SSLD (WT), BmrA ASLD and BmrA SALD, Chapter lll: results subchapter 2. see Figure 37) appear
to correlate with the different peak positions for the H-loop residue in the NMR experiments of the
D-loop variants of LmrA-NBD, i.e. LmrA-NBD ASLD (WT), LmrA SSLD and LmrA SALD (Chapter Il
results subchapter 2. see Figure 30 and Figure 37). Here, the NH resonances of the H-loop histidine
residue were found to shift relative to the WT protein in the HSQC spectra of LmrA-NBD SALD and
LmrA-NBD SSLD (Chapter lll: results subchapter 2. see Figure 30 and Figure 37). In either case the H-
loop resonance shifted to a similar position indicating that both D-loop mutations have a similar effect
on the chemical environment of the H-loop. In full-length BmrA, the variants with the two
corresponding D-loop sequences (SALD and SSLD (WT)) were both ATPase- and substrate transport-
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active. In contrast, the ASLD variant in full-length BmrA showed normal substrate transport but
increased basal ATPase activity that could not be stimulated further with the tested substrates
(Chapter lll: results subchapter 2. see Figure 37).

Finally, the D-loop aspartate mutation in LmrA-NBD led to a third peak position of the NH resonance
for the H-loop histidine residue, which showed neither ATPase activity nor transport activity in full-
length BmrA. (Chapter llI: results subchapter 2. see Figure 37). Additionally, as described above
backbone amide dynamics for the H-loop mutant in LmrA-NBD (H543A) illustrate that the H-loop has
different influence on dynamics on the N-terminal part of the D-loop (**°AS®-LD in LmrA-NBD, less
effected in the hetNOE data) than on the aspartate residue of the D-loop (ASLD*!*® in LmrA-NBD, more
pronounced effect in hetNOE data, chapter Ill: results subchapter 2. see Figure 32A/D, Figure 33A/D
and Figure 34C/D). This observation may be another reason for the differences in ATPase activity and
substrate transport among the D-loop variants (D518A, SALD, SSLD and ASLD; chapter lll: results
subchapter 2. see Figure 37). It indicates again that fine-tuned intradomain crosstalk between D-loop
and H-loop is essential for the catalytic mechanism in ABC transporters.

Overall, we found that conformations and dynamics of all amino acids of the D-loop are crucial for
ATP hydrolysis and substrate transport (aspartate residue). The NBD intradomain effects of the D-
loop reported in this thesis extend previous experimental observations which showed that overall
flexibility of the D-loop is important for NBD-NBD interaction, with the D-loop of one NBD, for
example, described to interact with the Walker A motif and the H-loop of the opposite NBD.
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3. “COMMUNICATION HINGES” BETWEEN THE NBS AND THE TMD OF MULTIDRUG ABC
TRANSPORTERS

The solution NMR studies?”® (i.e. *H->N HSQC, chapter lIl: results subchapter 3. see Figure 39,
Appendix 32 and °F spectra, chapter llI: results subchapter 3. see Figure 40) within this work
identified an until now uncharacterized allosterically affected region at the C-terminal end of the
Walker A helix consisting of residues RFY and W or L (Figure 50). These residues appear to be highly
conserved within type | ABC exporters (Chapter Ill: results subchapter 3. see Figure 38), which may
support a role of these residues in signal propagation, e.g. from nucleotide binding, throughout the
NBD. These residues may play an essential role in coupling of ATP binding and/ or hydrolysis to
substrate transport. Furthermore, it was evaluated in this thesis that mutations in this region impact
protein stability of type | ABC exporters (type IV fold).

3.1. A potential NBS-TMD signaling pathway Part | — signal propagation via a conserved arginine
residue

Our NMR studies in chapter IlI: results subchapter 1. provide insights into the nucleotide-dependent
dynamics of an allosterically affected region (residues RFY — W or L, Figure 50) within the NBD
(Chapter lll: results subchapter 1. see Figure 18, Figure 19 and Figure 20). Upon nucleotide addition,
the H/D exchange for this region is suppressed (Chapter llI: results subchapter 1. see Figure 18),
indicating protein rigidification or compaction. However, the backbone dynamics on the ps—ns
timescale paint a more complex picture. While residues R397 and W421 in LmrA-NBD became more
mobile with the addition of nucleotide, residue L395 in the vicinity of the arginine residue was
rigidified (Chapter lll: results subchapter 1. see Figure 19 and Figure 20). In the Walker A helix (al in
LmrA-NBD) residue L395 is one out of two residues (i.e. 1391 and L395) for which NH resonances in
both the apo and nucleotide-bound states could be detected. The resonances for the other residues
of the Walker A helix (33KST3% and 392FSL3%) appear only when adding ADP. As pointed out in chapter
[l: results subchapter 1., the appearance of peaks by nucleotide addition is indicative for quenching
of dynamics. The observed rigidification of the Walker A helix (al) in the ps — ns timescale could play
a role for the observed mobility of the arginine residue R397 in al as well as tryptophane residue
W421 within a3, which is opposite of the C-terminal end of the Walker A helix (Figure 50). Residues
of this helix exhibit an increase in flexibility upon nucleotide addition in the ps —ns timescale but
seems to undergo stabilization at slower timescales accessed by H/D exchange experiments and
inferred from line broadening. These complex changes in dynamics may be the basis of
communicating nucleotide binding from the NBS to the TMD since the allosterically affected region
contacts the coupling helix of the TMDs (Figure 50). In addition, the short a-helix 3 (based on LmrA-
NBD, Figure 50), containing the conserved tryptophane residue, is located N-terminal to the Q-loop
motif, which is known to be involved in interdomain signal communication between NBD and
TMD™816 Thus, an interaction of the Q-loop with the tryptophane residue of a-helix 3 would be
conceivable. However, none of the NMR experiments conducted in this thesis for the Q-, D- or H-loop
motif (Chapter llI: results subchapter 2. see Figure 28) revealed a link to any residue of our identified
allosterically affected region (R-W/L region), suggesting that this is an NBD intradomain signaling
pathway independent of these conserved motifs. Strikingly, members of the ABCC subfamily as CFTR
and MRP1 have a conserved “deletion” of amino acid residues within the NBD1 at the position
equivalent to a-helix 3 in LmrA-NBD3!1352 (Chapter llI: results subchapter 3. see Figure 38). Insertion
of a helix at this position in NBD1 of MRP1 reduced substrate transport to around 30%3%. Previous
studies have shown that proteins of the ABCC family have non-equivalent NBDs during the catalytic
cycle®?387387 gnd it seems likely that the missing a-helix as well as the lacking catalytic glutamine is
relevant for this3®. Hence, fine-tuned structure and dynamics in the motor domain (i.e. NBD) of the
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identified region might be essential for transmitting conformational changes between NBD and TMD
during substrate transport mechanism in type | ABC exporters (type IV fold).

A

LmrA [model] B
BrrA[6R72] E )
MsbA [5TV4] | 5 : 3
Sav1866 [2HYD] B5

LmrA_LACLC 349 LSAHHVDFA¥DDSE-QILHDISFEAQPNSIIAFAGPSGGGKSTI FSLLE) PTAGEITIGGQPIDSVSLENWRSQIGFVSQ 430
BmrA_BACSU 341 IQLDRVSFGYKPDQ-LILKEVSAVIEAGKVTAIVI SPTAGTIRLGDEPVDTYSLESWREHIGYVSQ 422
MsbA_ECOLI 342 VEFRNVTFT¥PGRDVPALRNINLKIPAGKTVALV| DIDEGEILMDGHDLREYTLASLRNOVALVSQ 424

Sav1866_SAU 340 IDIDHVSFQ¥NDNEAPILKDINLSIEKGETVAF DVTSGQILIDGHNIKDFLTGS QIGLVQQ 422
A-loop

B

Coupling helix1

nucleotide

Figure 50: Potential communication pathways from the nucleotide binding site (NBS) to the TMDs in type | ABC exporters
A) Sequence alignment (www.ebi.ac.uk/Tools/msa/clustalo/319) for the NBD region from the A-loop to the Q-loop, including
the highly conserved arginine on the C-terminal end of the Walker A helix (a1 in the NBDs - black, green) and the a-helix (a2
or a3 in the NBDs, black) that contains a conserved hydrophobic/bulky aromatic residue (orange). The secondary structure
is displayed on top of the sequence alignment for the four homologous type | ABC exporters; LmrA (model on Savi866 PDB
ID: 2HYD3*), BmrA (PDB ID: 6R72%3), MsbA (PDB ID: 5TV4%1) and Sav1866 (PDB ID: 2HYD34). B) Structural interface of the
TMDs and the NBD in the type | ABC exporter, Sav1866 (PDB ID: 2HYD34) highlighting the two potential passages for
transmitting nucleotide-induced conformational changes from the NBS to the TMDs. One passage seems to be from the NBS
via the Walker A helix (a1 in the NBD, black) and a conserved arginine residue (R389 in Sav1866) to the opposing a-helix (a3
in the NBD, black) and its conserved hydrophobic/ bulky aromatic residue (L413 in Sav1866). A conserved arginine residue
(R414 in Sav1866) next to the hydrophobic/bulky aromatic residue may further assist the propagation of nucleotide induced
“signals” to TMD2 (cyan) via coupling helix 2. A second potential transmission passage could be from the NBS via the Walker
A helix, the conserved arginine residue (R389 in Sav1866) and the neighboring phenylalanine residue (F390 in Sav1866) to a
tyrosine residue (Y391 in Sav1866) to the coupling helix 1 of TMD1 (blue). The dotted dark yellow lines indicate the distances
(in A) of signal propagation.

This thesis also addressed the functional role of the identified allosteric affected region (R-W/L
“hinge” region) in full-length BmrA. Intriguingly, mutagenesis of the arginine and the tryptophane
residues indicated that they are crucial for the protein’s folding and stability (Chapter lll: results
subchapter 3. see Figure 41). Thus, ATPase activity assays of purified mutants were performed
directly from SEC eluates, which had a similar elution volume as WT BmrA (Chapter lll: results
subchapter 3. see Figure 41). However, in the substrate transport assay using inside out vesicles
(loVs) it is very difficult to assess whether lack of transport stems from the mutation or is due to
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protein instability or incorrect folding. The fact that a tryptophane to tyrosine mutant®*® (]
laboratory) showed residual substrate transport and ATPase activity is maintained points to reliability
of the data within the IOVs.

Interestingly, when the conserved arginine and tryptophane residues in BmrA-NBD were mutated,
the mutants could not be purified due to extensive protein aggregation. In contrast, the same
mutations within the LmrA-NBD could be purified. The differences in the stability of the mutants in
two closely related and functionally homologous ABC transporter NBDs suggest that there are subtle
differences in the interaction network stabilizing the NBDs. Interestingly, in the context of the full-
length transporter, the same mutations were much more stable and correctly folded protein (as
judged by their SEC elution profiles) could be obtained. This may be due to enhanced stabilization of
the NBD through the TMDs, e.g. the interaction of the coupling helices with the coupling helix groove.
Nonetheless, mutating the arginine residue at the C-terminal end of the Walker A helix in full-length
BmrA was found to disrupt substrate transport for all tested mutants (Chapter lll: results subchapter
3. see Figure 43D). ATPase activity, on the other hand, showed different results depending on the
amino acid inserted at the position of the arginine. Mutation of the arginine residue to alanine or
glutamate yield to no ATP hydrolysis in full-length BmrA, whereas insertion of lysine or methionine
partially maintained ATP hydrolysis (Chapter llI: results subchapter 3. see Figure 43B). This suggests
that the chemical nature of residues present at this position is important for a proper functioning of
ATP hydrolysis. Considering the influence of arginine mutation on substrate transport and ATP
hydrolysis, the arginine residue seems to be crucial for substrate transport and plays an important
yet secondary role for ATP hydrolysis. Potentially the connection between NBS and TMDs is disrupted
when mutating the arginine. This hypothesis is further supported by the observation that substrate
stimulation vanished within our R389A mutant of BmrA (Chapter Ill: results subchapter 3. see Figure
43B).

In a complementary approach, the effect of mutating the conserved tryptophane residue opposing
the arginine residue, on substrate transport and ATP hydrolysis of full-length BmrA was studied by
our collaborators in the [Jjjj 1aboratory in Lyon3!. Transport activity of BmrA was differently affected
by mutations of the tryptophane residue to alanine, leucine, phenylalanine or tyrosine. W413A
resulted in no substrate transport, while W413L and W413F reduced substrate transport to almost
the control levels. Substrate transport was also reduced when the tryptophane residue was mutated
to tyrosine but not as pronounced as in the other two mutants (W413L and W413F). An interesting
observation in this analysis was also that substrate transport differed among the mutations
depending on which substrate was used. Examination of the effects of the tryptophane mutations on
ATP hydrolysis also revealed very interesting differences® (JJjjj laboratory). W413A again showed
no ATP hydrolysis, whereas W413L, W413F and W413Y showed diminished ATP hydrolysis rates with
varying degrees. W413Y retained ATP hydrolysis best, presumably in agreement with the transport
assay where it showed residual activity. As described above, the tryptophane residue belonging to an
a-helix (a- helix 3 in LmrA-NBD, Figure 50) might be able to detect changes within the TMD. In this
context, it seems conceivable that tryptophane mutants may react differently in substrate transport
depending on which type of substrate binds at which site in the TMDs. On the other hand, the arginine
variants in this thesis were not able to discriminate between the substrates used in the substrate
transport assay (i.e. no difference in substrate transport activity). This seems reasonable regarding
its position at the end of the Walker A helix, which has no direct contact with the TMDs. Nevertheless,
more results to emphasize the importance of this interaction region are needed, as performing
ATPase activity assays in a lipid environment with more diverse substrates in background of the full-
length BmrA variants (i.e. Arg to Glu, Arg to Lys, Arg to Met, Trp to Ala, Trp to Tyr, Trp to Phe and Trp
to Leu). Furthermore, NMR experiments with the full-length °F-Trp labeled BmrA offer the possibility
of visualizing effects of the tryptophane residue by the addition of nucleotide or substrate. By
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performing H/D exchange of BmrA with and without substrate or nucleotide, the collaboration
partners of the ] 1aboratory were able to further substantiate our findings of the novel “hinge”
region between NBDs and TMDs. When aligning sequences of type | ABC exporters (type IV fold,
Chapter llI: results subchapter 3. see Figure 38), a leucine residue, for example in MsbA, was also
often observed at the position of the tryptophane residue. If the leucine residue fulfills similar tasks
in that region would also need further investigations, even if first data of BmrA indicate that no
functional exchange is possible (JJjjij 1aboratory). Ultimately, substrate transport and ATP hydrolysis
were perturbed by mutating the arginine or the tryptophane residue, leading to the hypothesis that
an interrupted connection between ATP binding and/ or hydrolysis (NBS) and the TMDs (substrate
binding site) occurs. Consequently, it can be proposed that the identified allosterically affected region
is one important interaction site for a correct NBS-TMD and/ or TMD-NBS crosstalk.

3.2. A potential NBS-TMD signaling pathway Part Il — signal propagation via a conserved tyrosine
residue

Interestingly, one of the first crystal structures of an ABC transporter, the type | ABC exporter (type
IV fold) Sav1866 described a conserved tyrosine residue (Y391) at the C-terminal end of the Walker A
helix, which seemed to interact with the TMD3*. During this thesis, this conserved tyrosine residue
(Y399 in LmrA-NBD, Figure 50) came into focus because it exhibited nucleotide-induced changes in
its chemical shift (Chapter Ill: results subchapter 1. see Figure 17). In line with the structural
information available from Sav18663*, it is possible that this conserved tyrosine residue constitutes a
potential communication point to transfer conformational changes, e.g. induced by nucleotide
binding, from the NBD to the TMD. Thus, in addition to the presumed nucleotide communication
“hinge” between the arginine and tryptophane residues and potential subsequent transmission from
a-helix 3 to the coupling helices of the TMDs discussed above, there may be a second interdomain
pathway. Looking at the sequences and structures of other type | ABC exporters (type IV fold), such
as human P-glycoprotein®®®2% Bqcillus subtilis BmrA®®, Salmonella typhimurium MsbA, human
ABCB10®3 and Thermus thermophilus TmrAB®, showed that there is always a tyrosine residue at the
same position that can contact the TMDs (Figure 51). Specifically, the conserved tyrosine residue in
the NBD connects to an arginine/lysine residue (in one coupling helix of the TMDs) and an aspartate
residue (in the second coupling helix of the TMDs) thus creating a tight connection across the NBD-
TMD interface. Interestingly, the heterodimeric ABC transporter TmrAB has the conserved tyrosine
only in the NBD of TmrA (*®RFY*19), In TmrB, the position of the tyrosine residue is replaced by a
leucine (3%RLL3%). Whether these findings lead to differences in interdomain communication would
require further investigation.

In summary, there are two conceivable communication pathways from the NBS to the TMD upon
binding of a nucleotide. The signal that a nucleotide has bound is mediated to the C-terminus of the
Walker A helix and then transferred either (i) from Arg to Trp (in the a-helix 3 in LmrA and Sav1866,
Figure 50) to the coupling helices (coupling helix 2 from the other homodimer might be favored since
a-helix 3 is nearby, Figure 50) or (ii) from Arg over Phe to a Tyr and subsequently to the coupling
helices. For the pathway from tyrosine to the coupling helices, coupling helix 1 might be favored since
the loop of the conserved tyrosine residue is somewhat closer to it (Figure 50 and Figure 51).

Intriguingly, the identified tyrosine residue is in proximity of the tyrosine residue of the A-loop®*

(Figure 50). Thus, the allosterically affected tyrosine residue potentially senses conformational
changes of the A-loop, which is known to interact with the adenine ring of the nucleotide” and vice
versa.
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Figure 51: Polar interactions of a tyrosine at the C-terminus of the Walker A helix may mediate allosteric crosstalk within
type | ABC exporter (type IV fold)

Contacts between residues of the P-glycoprotein (P-gp, Mus musculus, PDB ID: 5K0Y?9, C. elegans PDB ID: 4F4C!%¢), BmrA
(B. subtilis, PDB ID: 6R72%3), MsbA (S. typhimurium, PDB ID: 3B60%35), ABCB10 (Homo sapiens, PDB ID: 4AYT'83) and TmrA
(T. thermophilus, PDB ID: 5MKK&°) TMD-NBD coupling helices. In all proteins, a tyrosine residue (green) in the NBDs is seen
to interact with an aspartate and/or an arginine residue of each coupling helix from the TMDs. Asterisks mark unresolved
parts in the protein structure. Distances (in Angstrom) were measured between the nitrogen’s of the arginine residue
and the oxygens of the aspartate or the tyrosine residue. Furthermore, distances between the oxygen of the aspartate
and the oxygen of the tyrosine were measured. In MsbA distances were measured between the nitrogen of the lysine
residue and the oxygen of the aspartate residue and between the oxygen of the tyrosine and the oxygen of the
aspartate residue.

3.3. Interdomain crosstalk in other ABC transporter classes

Looking at seven structures of the seven currently available ABC transporter architectures reveals
that an a-helix is frequently located at the opposing site of the C-terminal end of the Walker A helix
(Figure 52). This a-helix appears to be crucial to transmit nucleotide-induced conformational changes
from the NBS to the TMDs, as it is in vicinity to the coupling helices. As in type | ABC exporters (type
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IV fold), the available structures of the type Il exporters (type V fold) ABCG5/8”7 and ABCG2367:388
feature an arginine residue at the end of the Walker A helix (Figure 52A/B, R121 in ABCGS). This
arginine residue may transmit conformational changes to the coupling helix of the TMD via an
opposite a-helix (Figure 52B). Nevertheless, the arginine residue (R121 in ABCG8) could even form
contacts to the coupling helix directly since the arginine residue is vicinal in the structure of ABCG5/8.

Inspection of the protein structures of type | (MalFGK_), type Il (BtuC,D;) and type Il (ECFTSAA") ABC
importers revealed that a leucine residue is present at the C-terminus of the Walker A helix for type
I and type Il importers (Figure 52C/D/E). In those transporters, an arginine residue was found in the
opposing a-helices (Figure 52C/D/E). However, it seems that only the arginine residue R75 of MalFGK,
can make contacts to residues at the C-terminus of the Walker A helix (Figure 52C). In ECFTSAA’
another arginine residue (R80) points in the direction of the coupling helices and hence may make
contacts to the TMD (Figure 52E).

A charged and a bulky amino acid are also found in the C-terminal tip of the Walker A helix and the
opposing a-helix within the extractor/mechanotransducer LptB,FG and MacB. As seen for other ABC
transporter architectures, these residues may make contacts with residues of the coupling helix (L52
and R77 in LptB,FG Figure 52F; L56 and R83 in MacB Figure 52G) of the TMD or may form connections
between the C-terminal end of the Walker A helix and an a-helix at the opposing side (R75 in LptB,FG
Figure 52F; L82 in MacB Figure 52G).

Overall, conserved arginine and leucine residues in the identified region (C-terminal end of the Walker
A helix and the opposing a-helix) seem to be important in forming contacts between the NBS and the
TMD. It seems that depending on the precise position of arginine or leucine residues they could
potentially form i) contacts to the TMDs via the coupling helices or ii) contacts between the C-terminal
end of the Walker A helix and the opposing a-helix. Interestingly, type | ABC exporters (type IV fold)
seem to be an exception. Here, the interaction of two coupling helices with one NBD is unique (Figure
52A), thus the residues of interest (RFY and W or L) presumably interact differently with the TMDs
compared to other ABC transporter structure types (Figure 50 and Figure 52A). Importantly, the
identified conserved residues triad RFY within type | ABC exporters (type IV fold) seem to occur only
in this ABC transporter architecture. The fact that in type | ABC exporters two coupling helices from
each TMD dock into one NBD might be an explanation for different passages of signal transduction
from the NBD to the TMD compared to the other ABC transporter architectures.
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Figure 52: Potential connection between the C-terminal end of the Walker A helix and the opposing a-helix with the TMD
across different ABC transporter architectures

A) Type | ABC exporter (type IV fold) Sav1866 (PDB ID: 2HYD34) B) Type Il ABC exporter (type V) ABCG5/8 (PDB ID: 500777)
C) Type | ABC importer (type 1) MalFGK, (PDB ID: 2R6G7#) D) Type Il ABC importer (type Il) BtuC,D, (PDB ID: 2Ql97%)
E) Type Ill ABC importer (type Ill) ECFTAA" (PDB ID: 4HUQ’®) F) ABC extractor (type Vi) LptB,FG (PDB ID: 5X5Y7%)
G) ABC mechanotransducer (type VII) MacB (PDB ID: 5L177%) Sequence and topology for the NBD region from the Walker A
motif to the a-helix potentially interacting with the end of the C-terminal end of Walker A helix are shown under the boxes
in A,B,C,D E and F. Arginine/leucine residues on the C-terminal end of the Walker A helix (al in the NBDs, black) are
highlighted in green. Arginine, tryptophane or leucine residues in the opposing a-helix (a2 or a3 in the NBDs, black) are
highlighted in orange. The secondary structure is displayed on top of the sequences in A, B C, D, E, F and G. Asterisks mark
not resolved parts in the protein structure.
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In this thesis the main focus are structure and dynamics of the highly conserved NBD of ABC
transporters. The assignments of LmrA-NBD in different catalytic states and of LmrA-NBD mutants in
conserved motifs (D-, Q- and H-loop) helped to investigate in detail intradomain effects on specific
amino acid residues?” (chapter llI: results subchapter 1. and 2.). Now that assighments for BmrA-
NBD?% (chapter llI: results subchapter 1.) and MsbA-NBD (ongoing) are also available, the effects
found in the NMR experiments for LmrA-NBD due to nucleotide binding or mutation of a conserved
motif can be compared with these two homologous NBDs in the future. In the >N HSQC NMR data,
numerous resonances of amino acids residues showed line broadening in the apo state and
sharpening after addition of nucleotide (Chapter Ill: results subchapter 1. see Figure 16). Resonances
of residues also showed line broadning when a mutation in one of the conserved motifs, D-, Q- or H-
loop, was performed (Chapter Ill: results subchapter 2.). Additional NMR relaxation dispersion
experiments could be performed that would provide more information on the chemical shift
exchanging states, which could be used for further structural interpretations3°63893%_|n addition to
the intradomain NBD results obtained for the very fast dynamics (ps - ns timescale) with NMR using
{*H}, >N hetNOE (Chapter IlI: results subchapter 1. see Figure 19, Figure 20, Figure 32, Figure 33 and
Figure 34), NMR experiments can be performed to determine relaxation times (T1 and T). With these
NMR experiments, local correlation times of backbone amide NH bond vectors can be determined,
providing further insight into local dynamics in the NBD3%3%1, Moreover, the >N HSQC NMR data of
LmrA-NBD showed that remote residues from the NBS, such as the C-terminus, can sense and
distinguish nucleotide binding (Chapter Ill: results subchapter 1. see Figure 16 and Figure 17). These
results lead to the assumption that the C-terminal region may have important implications for the
role of the NBD in the catalytic cycle of the ABC transporter, beyond simply mediating ATP hydrolysis.
A link between the C-terminal region and substrate translocation within ABC exporters has been
reported, which may support a key role of the C-terminal region within the transport mechanism?8-34,
Thus, the question arises as to what happens to the C-terminal region of the NBDs when a substrate
or inhibitor is bound to the TMDs. It could make a difference whether a substrate or an inhibitor is
bound, as different binding modes for a substrate and inhibitors have been identified within P-
gp3>322 1t would also be interesting to investigate whether the coupling helix groove is affected by
modulation of the C-terminal region. In addition to >N HSQC NMR experiments on mutants of amino
acid residues in the C-terminal region of the NBD, photosensitive unnatural amino acids could also be
introduced into the C-terminal region to perform excitation of the C-terminal region and analyze its

consequences3®,

To investigate whether the obtained global dynamics in the NBD of ABC type | exporter between the
a-helical and the RecA-like subdomains (Chapter lll: results subchapter 1. see Figure 22) are similar
in the full-length ABC protein, the identified PET reporter pair (Chapter lll: results subchapter 1. see
Figure 21) was also introduced in full-length MsbA. It would be very interesting to see if PET-FCS
measurements of full-length MsbA in detergent or in a native like environment, i.e. lipid mimetics,
yield similar timescales as MsbA-NBD. Furthermore, it would be of interest to analyze dynamic
consequences on the a-helical and the RecA-like subdomain and their relaxation time constants in
MsbA-NBD and/ or full-length MsbA if a conserved motif is mutated, such as the lysine residue from

the Walker A motif, which is known to be important for ATP hydrolysis and substrate transport 137193~
197
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To gain more information about the function of the conserved D-loop motif and its role in the
structural dynamics of the NBD, ATP hydrolysis and substrate transport experiments with LmrA from
L. lactis, BmrA from B. subtilis and MsbA from E. coli were performed (Chapter lll: results subchapter
2.4. Molecular crosstalk of the NBD depends on the D-loop motif). For further D-loop analyses,
variants (ASLD and SSLD) of the consensus sequence (SALD) were also generated within the MsbA-
NBD and full-length MsbA, the influence of which on ATP hydrolysis would still need to be
investigated. Furthermore, would it be interesting to record *H->N HSQC spectra of the MsbA-NBD
D-loop variants and the BmrA-NBD D-loop variants, which could provide information on whether the
peak shifts will show similar effects to those in LmrA-NBD (Chapter lll: results subchapter 2.4. see
Figure 37). Future studies may also address the ATP hydrolysis and substrate transport of the mutants
within the conserved motifs, H-loop and Q-loop, in full-length MsbA and/ or BmrA to complement
these data.

In this thesis, the solution NMR studies (Chapter Ill: results subchapter 3. see Figure 39, Figure 40,
Appendix 32 and Appendix 35) further?”>?”® revealed a novel “communication hinge” linking the
Walker A motif to the coupling helix groove, and thus to the TMD, via two highly conserved residues
(i.e. R397 and W421 in LmrA-NBD) in the NBD. These two residues are conserved in type | ABC
exporters (type IV fold, Figure 38) including BmrA and MsbA although in the latter case the
tryptophane residue is replaced by a bulky leucine residue. To investigate the effect of nucleotide
binding on the conserved tryptophane, solution *F W NMR experiments were performed on the
NBDs. Interestingly, it was possible to obtain also °F W spectra of °F-Trp labeled full-length BmrA in
detergent, which showed broad lines in the same frequency range as within °F-Trp labeled BmrA-
NBD (Chapter IlIl: results subchapter 3. see Figure 40). For further analysis a resonance assignment
would be needed as full-length BmrA contains three tryptophane residues. Nevertheless, this
observation opens the door for furhter investigation of the novel communication hinge region. To
support the idea of a communication hinge of R and W residues, a full-length BmrA R/X (X = K or M)
mutant labeled with °F W could be generated and measured with substrate to see whether the
tryptophane is affected or not. To gain insight into the identified region and its effects in a native
environment, it would also be interesting to record full-length F W NMR spectra of BmrA in
membrane mimetics, such as nanodiscs and SMALPs (styrene maleic acid lipid particles). Mutagenesis
studies in the transporter NBDs and functional assays on full-length BmrA support the notion that the
identified residues are important for ATPase activity, substrate transport and protein stability
(Chapter Ill: results subchapter 3. see Figure 41, Figure 42 and Figure 43). To further verify the role
of the conserved arginine, further stimulated ATPase activities and substrate transport assays of the
R/X (X=A, M, K, and E) mutants would need to be performed.
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LmrA_L.lactis MERGPQ----- MANRIEGKAVDKTSIKHF 24
BmrA B.subtilis -- MPTKKQKSKSKLKPF 15
MsbA E.coli - ----MHNDKDLST 9
P-gp_humanl -------------MDLEGDRNGGAKKKN--------=-— FFKLNNKSEKDKKEKKPTVSV 36
P-gp_human2 AADESKSEIDALEMSSNDSRSSLIRKRSTRRSVRGSQAQDRKLS-~TKEALDESIPPVSF 697
LmrA L.lactis VKLIRA-AKPRYLFFVIGIV----AGIIGTLIQLQVPKMVQPLI-~- 63
erAiB.subtilis FALVRR-TNPSYGKLAFALA----LSVVTTLVSLLIPLLTKQLV-— 54
MsbA E.coli WQTFRRL-WPTIAPFKAGLIVAGVALILNAASDTFMLSLLKP-===============-— 50
P—gpihumanl FSMFRYSNWLDKLYMVVGTL----AAITHGAGLPLMMLVFGEMTDIFANAGNLEDLMSNI 92
P*gpihuman2 WRIMK-LNLTEWPYFVVGVF----CAIINGGLQPAFAIIFSKIIGVFTRIDDPETKRQON—- 751
LmrA L.lactis — ---=-==-= NSFGHGV-NGGKVALVIALYIGSAAVSAIAA----IVLGIFGESVVKNLRTR 110
erAiB.subtilis —-———--—-—-DGFSMSNLSGTQIGLIALVFFVQAGLSAYAT----YALNYNGQKIISGLREL 102
MSbAiE.Coli - ~LLDDGFGKTD--RSVLVWMPLVVIGLMILRGITSYVSSYCISWVSGKVVMTMRRR 103
P-gp_humanl TNRSDINDTGFFMNL--EEDMTRYAYYYSGIGAGVLVAAY IQVSFWCLAAGRQTHKIRKQ 150
P*gpihumaHZ NLFSLLFLALGIISFITFFLQGFTFGKAGEILTKRLRYM 791
R x

LmrAiL.lactis VWDKMIHLPVKYFDEV--KTGEMSSRLANDTTQVKNLIANSIPQAFTSILLLVGSIIFML 168
BmrA B.subtilis LWKKLIKLPVSYFDTN--ASGETVSRVINDTMVVKELITTHISGFITGIISVIGSLTILF 160
MSbA:E.coli LFGHMMGMPVSFFDKQ--STGTLLSRITYDSEQVASSSSGALITVVREGASIIGLFIMMF 161
P-gp_humanl FFHAIMRQEIGWFDVH--DVGELNTRLTDDVSKINEGIGDKIGMFFQSMATFFTGFIVGE 208
P—gp:humanZ VFRSMLRQDVSWFDDPKNTTGALTTRLANDAAQVKGAIGSRLAVITQNIANLGTGIIISF 851

... ex x iki:ox s R .
LmrAiL.lactiS QOMOWRLTLAMITAVPIVMLIMFPIMTFGQKIGWTRQDSLANFQGIASESLSEIRLVKSSN 228
erAiB.subtilis IMNWKLTLLVLVVVPLAALILVPIGRKMFSISRETQDETARFTGLLNQILPEIRLVKASN 220
MSbAiE.COli YYSWQLSIILIVLAPIVSIAIRVVSKRFRNISKNMONTMGQVTTSAEQMLKGHKEVLIFG 221
P*gpihumanl TRGWKLTLVILAISPVLGLSAAVWAKILSSFTDKELLAYAKAGAVAEEVLAAIRTVIAFG 268
P*gpihumaHZ IYGWQLTLLLLAIVPITIAIAGVVEMKMLSGQALKDKKELEGSGKIATEAIENFRTVVSLT 911

Naiks: s ks : L. o
LmrA L.lactis AEKQASKKAENDVNALYKIGVKEAVFDGLMSPVMMLS ——-~~ MMLMIFGLLAYGIYLIST 283
BmrA B.subtilis AEDVEYGRGKMGISSLFKLGVREAKVQSLVGPLISLV----- LMAALVAVIGYGGMQVSS 2175
MSbA_E.COli GQEVETKRFDKVSNRMRLQGMKMVSASSISDPIIQLIASLALAFVLYAASFP——-——— SVM 276
P-gp_humanl GOKKELERYNKNLEEAKRIGIKKAITANISIGA-—---- AFLLIYASYALAFWYGTTLVLS 323
P*gpihuman2 QEQKFEHMYAQSLQVPYRNSLRKAHIFGITFSF-—-—~ TQAMMYFSYAGCFRFGAYLVAH 966
LmrAiL.lactis GVMSLGTLLGMMMYLMNLIGVVPTVATFFTELAKASGSTGRLTELLDEEQEVLH 340
BmrA B.subtilis GELTAGALVAFILYLFQIIMPMGQITTFFTQLOKSIGATERMIEILAEEEEDTV 332
MsbA E.coli DSLTAGTITVVESSMIALMRPLKSLTNVNAQFQRGMAACQTLFTILDSEQEKDE - --GKR 333
P*gp_humanl GEYSIGQVLTVFFSVLIGAFSVGQASPSIEAFANARGAAYEIFKIIDNKPSIDSYSKSGH 383
P-gp_human2 KLMSFEDVLLVFSAVVFGAMAVGQVSSFAPDYAKAKI SAAHI IMIIEKTPLIDSYSTEGL 1026
A-loop

LmrA L.lactis SLDLEGKTLSAHHVDFAJD--DSEQILHDISFEAQPNSIIAFA TFSLLERF 398
BmrA B.subtilis QIENAHLPIQLDRVSFGYK--PDQLILKEVSAVIEAGKVTAIY LFKLLERF 390
MsbA E.coli VIERATGDVEFRNVTFTJYPGR-DVPALRNINLKIPAGKTVALY, TASLITRF 392
P-gp_humanl KPDNIKGNLEFRNVHFS[YPSRKEVKILKGLNLKVQSGQTVALY TVQLMQRL 443
P*gpihumBHZ MPNTLEGNVTFGEVVE! TRPDIPVLQGLSLEVKKGQTLALV, VVQLLERF 1086

. .k oxx T T T T

Q-loop
LmrA_L.lactis YQPTAGEITIGGQPIDSVSLENWRSQIGFVS[IDSAIMAGT IRENLTYGLEGN-FTDEDLW 457
BmrA B.subtilis YSPTAGTIRLGDEPVDTYSLESWREHIGYVS{JESPLMSGTIRENICYGLERD-VTDAEIE 449
MsbA E.coli YDIDEGEILMDGHDLREYTLASLRNQVALVSNVELFNDTVANNIAYARTEQ-YSREQIE 451
P-gp_humanl YDPTEGMVSVDGQDIRT INVRFLREIIGVVS[EPVLFATTIAENIRYGRENV--TMDEIE 501
P-gp_human2 YDPLAGKVLLDGKETKRLNVQWLRAHLGI PILFDCSIAENIAYGDNSRVVSQEEIV 1146
N . . L % . k% L L ik % FR

SDR ) Walker B
LmrAiL.lactis QVILDLAFARSFVENMPDQLN|'EVGERGN] RORLATIARAFLRNPHILMLDERT 517
BmrA B.subtilis KAREMAYALNFIKELPNQFD; T RORTATARALLRNPHILMLDERT 509
MsbA E.coli EAARMAYAMDF INKMDNGLD VL) RORIAIARALLRDSHILILDERT 511
P*gpihumanl KAVKEANAYDFIMKLPHKED] AQ) KQRIAIARALVRNPHILLLDERT 561
P-gp_human2 RAAKEANTHAFIESLPNKYS|'KVCGDKGIQ) KQRIATARALVROPHILLLDERT 1206

¥ L F TR LR ikAxkikkiAkkAksik: FFIRFRAA: LK
H-loo

LmrA L.lactis SESESMVQRALDSLMKGRTTLVIAFRLSTIVDADKIYFIEKGEITGSGKHNELVATHPL 577
erAiB.subtilis SQSEKSVQQALEVLMEGRTTIVIAHRLSTVVDADQLLFVEKGEITGRGTHHELMASHGL 569
MSbAiE.Coli TESERAIQAALDELQKNRTSLVIAHRLSTIEKADEIVVVEDGVIVERGTHNDLLEHRGV 571
P-gp_humanl TESEAVVQVALDKARKGRTTIVIAHRLSTVRNADVIAGFDDGVIVEKGNHDELMKEKGI 621
P-gp_human2 1266

TESEKVVQEALDKAREGRTCIVIAHRLSTIQNADLIVVFQNGRVKEHGTHQQLLAQKGI
. * P

Kaakk ek kA L kK akkkRkkkk. k% Kk ek

LmrA L.lactis YAKYVSEQLTVGQ-—--==-~ 590
BmrA B.subtilis YRDFAEQQLKMNAD-LENKAG589
MsbA E.coli YAQLHKMQFGQ-———-——-—— 582
P-gp_humanl YFKLVTMQTAGNEVELEN---639

P-gp_human2

YFSMVSVQAGTKRQ---—
* *

Appendix 1: Sequence alignment (www.ebi.ac.uk/Tools/msa/clustalo/319) of type | ABC exporters (type IV according to a
new classification system?2), LmrA from L. lactis, BmrA from B. subtilis, MsbA from E. coli and human P-glycoprotein (P-

gp/MDR1/ABCB1) 1 and 2. Residues of the conserved motifs are highlighted in different colors: A-loop — red, Walker A motif
— rose, Q-loop glutamine — green, X-loop — orange, ABC signature motif (C-loop) — yellow, Walker B motif — blue, D-loop —
cyan and H-loop — violet. The structurally diverse region (SDR) is highlighted by a gray frame.
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Appendix 2: Crystal structure of the NBD of Sav1866 (PDB ID: 2HYD3?), highlighting two subdomains and the structural diverse region>*

Appendix table 1: Structures of E-Q mutants in NBDs of ABC transporters

Res.

ABC transporter (Organism) Remarks Ligand ATP hydrolysis A PDB Literature

Type | exporter (type IV fold) NBD monomer ADP Defective ATP hydrolysis 1.9 2FFB Zaitseva et al., 2006
HyIB-NBD E631Q X-ray

(Escherichia coli)

Type | exporter (type IV fold) NBD monomer ATP Defective ATP hydrolysis 2.7 2FGK Zaitseva et al., 2006™
HyIB-NBD E631Q X-ray

(Escherichia coli)

MJ0796 E171Q NBD dimer MgADP Abolished ATP hydrolysis 2.7 1F30 Yuan et al., 2000
(Methanocaldococcus jannaschii) x?ac;dv etal., 2002
MJ0796 E171Q NBD dimer ATP Abolished ATP hydrolysis 1.9 127 Smith et al, 2002
(Methanocaldococcus jannaschii) )':’_l:)at;dv etal., 2002
MJ0796 E171Q NBD dimer ADP P Abolished ATP hydrolysis 2.7 3TIF Zoghbi et al., 2012°%;

(Methanocaldococcus jannaschii)

Moody et al., 20023*
X-ray
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Appendix table 2: Structures of E-Q mutants in full-length ABC transporters

ABC transporter (Organism) Remarks Ligand ATP hydrolysis Zes. n PDB Literature

Type | importer (type | fold) Outward-facing Maltose, Defective rate of ATP 2.8 2R6G Oldham et al., 2007"*

MalFGK2-MBP maltose uptake transporter conformation, NBD closure ATP hydrolysis Xray

MalK E159Q

(Escherichia coli)

Type Il importer (type Il fold) BtuC in asymmetric - Abolished ATP hydrolysis 3.5 4DBL Korkhov et al., 2012a°*

BtuC.D2 F complex E159Q conformation Xeray

(Escherichia coli) Closed translocation pore

from both sites

MIaFEDB E170Q NBDs and TMDs close but ATP Reduced rate of ATP 3.7 7CHO Chi et al., 2020%

(Escherichia coli) NBDs and TMDs closed hydrolysis Cryo-EM

Type | exporter (type IV fold) Outward facing open MgATP Reduced rate of ATP 2.8 6RAH Hofmann et al., 2019**

TmrA E523Q/B hydrolysis Cryo-EM

(Thermus thermophilus)

Type | exporter (type IV fold) Inward facing open (wide) - Reduced rate of ATP 4.2 6RAN Hofmann et al., 2019°*

TmrA E523Q/B hydrolysis Cryo-EM

(Thermus thermophilus)

Type | exporter (type IV fold) Outward facing occluded MgATP Reduced rate of ATP 2.9 6RAI Hofmann et al., 2019**

TmrA E523Q/B hydrolysis Cryo-EM

(Thermus thermophilus)

Type | exporter (type IV fold) Outward facing MgATP Abolished ATP hydrolysis 3.9 6R81 Chaptal et al., 2022;

BrirA ESO4A Orelle et al., 2003%%°
Cryo-EM

(Bacillus subtilis)

Type | exporter (type IV fold) Outward facing MgATP Abolished ATP hydrolysis 3.9 6R72 Chaptal et al,, 2022%%;

BmrA E504A S-Zealle et al., 2003%%°

(Bacillus subtilis) Y

Type | exporter (type IV fold) Outward facing MgATP, Abolished ATP hydrolysis 4.2 7BG4 Chaptal et al,, 20222;32

BmrA ES04A Rhodamin o 2%

(Bacillus subtilis) e 6G

Type | exporter (type IV fold) P-glycoprotein/ | Outward facing MgATP Abolished ATP hydrolysis 34 6CO0V Kim & Chen, 2018'%*

ABCB1 E556Q, £1201Q conformation CryoEm

(Homo sapiens)

Type | exporter (type IV fold) P-glycoprotein/ | Inward facing open - Reduced rate of ATP 3.35 5KPD Esser et al,, 2017°%;

ABCB1 E552Q, E1197Q
(Mus musculus)

hydrolysis

Tombline et al., 2004>%*
X-ray
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ABC transporter (Organism) Remarks Ligand ATP hydrolysis Zes. n PDB Literature

Type | exporter (type IV fold) P-glycoprotein/ | Inward facing open ATP Reduced rate of ATP 3.85 5KOY Esseretal,, 2017°%; s
ABCB1 E552Q hydrolysis ;‘_’g’""e etal., 2004
(Mus musculus)

Type | exporter (type IV fold) P-glycoprotein/ | Occluded conformation with | Zosuquidar | Not available 3.9 6QEE Alam et al., 2019°*
ABCB1 a distinct degree of NBD Cryo-tM

(Homo sapiens-mus musculus chimeric | opening

ABCB1)

Type | exporter (type IV fold) Outward facing MgATP Abolished ATP hydrolysis 3.1 6BHU Johnson et al., 2018
MRP1/ ABCC1 E1454Q CryoEM

(Bos taurus)

Type | exporter (type IV fold) Occluded conformation ATPyS Reduced rate of ATP 5.5 4S0F Lin et al., 2015%*
PCAT1 E648Q hydrolysis Xoray
(Clostridium thermocellum)

Type | exporter (type IV fold) Occluded conformation ATP Reduced rate of ATP 3.3 6PAQ Fan et al., 2020°*
Atm1 E523Q hydrolysis Xray
(Novosphingobium aromaticivorans)

Type | exporter (type IV fold) Inward close NBD ATP, Abolished ATP hydrolysis 3.4 5W81 Zhang et al., 2017°
ABCC7/CFTR E1372Q) conformation phosphory Cryo-EM
(zebrafish-Danio rerio) lated

Importer (type V fold) Outward closed MgATP, Abolished ATP hydrolysis 3.3 7LKZ Liu et al., 2021°*
ABCA4 E1087Q conformation lipids Cryo-EM

(Homo sapiens)
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Appendix table 3: Available full-length structures of the type | ABC exporters (type IV according to a new classification system?2) MsbA and BmrA
OF — Outward (extracellular) facing, Inward (cytoplasmic) facing, DDM - dodecyl-D-maltoside, UDM - undecyl-D-maltoside. BP-1 - B-sheet peptides.

ABC transporter | Environment NBDs Conformation Ligand Res.In A PDB Literature
(Organism)
MsbA Detergent: Open Inward-facing Apo (no ligand) 5.3 3B5W Ward et al., 2007
X-
(Escherichia coli) DDM ray
MsbA Detergent: Closer to each other, but | Inward-facing Apo (no ligand) 5.5 3B5X Ward et al., 2007'*
(Vibrio cholera) DDM no dimer formation Xeray
MsbA Detergent: Closed Outward-facing AMPNP 45 3B5Y Ward et al., 2007'%*
(Salmonella UbM X-ray
typhimurium)
MsbA Detergent: Closed Outward-facing ADP-V; 4.2 3B5Z Ward et al., 2007*%°
(Salmonella UbM X-ray
typhimurium)
MsbA Detergent: Closed Outward-facing AMPPNP 3.7 3B60 Ward et al., 2007'%
(Salmonella UDM X-ray
typhimurium)
Lipid-bilayer Closed to open Both outward- Different ligands: 30.0 6025- Moeller et al., 2015™*
mimicking and inward-facing | Apo (no ligand) 6033 Cryo-EM
environment (E. coli in different states MgATP
polar lipids and MgAMPPNP
MsbA amphiphile BP) ATP
(Escherichia coli) MgATP-V,
MgADP-V;
MgADP
(nucleotide addition yield to an
increase of OF conformations)
MsbA Nanodisc Closed Closed TMDs ADP-V; 4.8 5TTP Mi et al., 2017%*
(Staphylococcus Cryo-EM
aureus)
MsbA Nanodisc Open with C-terminus Inward-facing LPS 4.2 5TV4 Miet al., 2017°
(Staphylococcus close to each other Cryo-EM
aureus)
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ABC transporter | Environment NBDs Conformation Ligand Res.In A PDB Literature
(Organism)
MsbA Detergent: Open Inward-facing Lipid A 2.8 6BL6 Padayatti et al., 2019°”
(Salmonella UbM X-ray
typhimurium)
MsbA Detergent: Open Inward-facing Apo (no ligand) 45 6030 Padayatti et al,, 2019
(Salmonella UbM X-ray
typhimurium)
MsbA Peptidisc Open Inward-facing Apo (no ligand) 44 6UZL Angiulli et al., 20207
(Escherichia coli) Cryo-EM
MsbA Peptidisc Open with C-terminus Inward-facing Apo (no ligand) 4.2 6UZ2 Angiulli et al., 2020%*"
(Escherichia coli) close to each other Cryo-EM
MsbA Nanodisc Open Inward-facing Apo (no ligand) 5.2 7RIT Thélot et al., 2021%%°
(Acinetobacter Cryo-EM
baumannii)
MsbA Nanodisc Open (driving closure) Inward-facing TBT1 4.0 7MET Thélot et al., 2021°%°
(Acinetobacter Cryo-EM
baumannii)
MsbA Nanodisc Open Inward-facing G247 3.9 TMEW Thélot et al., 2021
(Acinetobacter Cryo-EM
baumannii)
MsbA Detergent: Open Inward-facing G247 39 Not yet Thélot et al., 2021%*°
(Acinetobacter DDM Cryo-EM
baumannii)

Sposin-lipid Closed Occluded ADP vanadate 3.5 7BCW Kehlenbeck et al., 2021
MsbA R . . Cryo-EM
(Escherichia coli) nanoparticles(Salipro conformation

) (similar to 5TTP)
MsbA Detergent- Open with C-terminus Inward-facing LPS, G7090 2.98 7SEL Verma et al., 2022
(Escherichia coli) solubilized: close to each other X-ray
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ABC transporter | Environment NBDs Conformation Ligand Res.In A PDB Literature
(Organism)

BmrA E504A Detergent: Closed Outward-facing MgATP 3.9 6R81 g‘aptaE"af al,, 2022*
(Bacillus DDM:cholate (1:1) yo-

subtilis)

BmrA E504A DDM:cholate (1:1) Closed Outward-facing MgATP 3.95 6R72 g\amaEI;lt al,, 2022%
(Bacillus subtilis) e

BmrA E504A DDM:cholate (1:1) Closed Outward-facing MgATP, Rhodamine 6G 4.2 7BG4 Chaptal et al., 2022%

(Bacillus subtilis)

Cryo-EM
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2. CHAPTER Il: MATERIAL AND METHODS

| supervised the Bachelor theses of G
B = <! as the internships of [ =~ I o contributed

in part to this thesis.
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Appendix 3: Bacterial expression vectors pET11a and pET23a+ (GSL Biotech; available at snapgene.com)

TEV cleavage

His,-Tag TEV recognition sequence 330

atg ggg cat cat cac cac cac cac gga agt gaa aac cta tac ttc caafgga tcajfgac gaa
M G H H H H H H G S E N L Y Bl Q G S I, D E
gag caa gaa gtg ctg cat caa ggc gac agc ctg gac ctg gag ggc aag acc ctg agc
v L H Q G D S L D L E G K T L S A
gtg gat ttc gcg tac gac gat agc gag cag atc ctg cac gac att agc ttc gaa
v D F A Y D D S E Q I L H D I S F E
ccg aac agc att atc gcg ttt gcg ggt ccg agc ggt ggc ggt aaa agc acc att
N S I I A G P S G G G K S T I
ttc age ctg ctg gag cgt ttt tat cag ccg acc geg ggt gaa atc acc att ggc ggt caa
F S L L E R F Y Q P T A G E I T I G G Q
ccg att gat agc gtg agc ctg gag aac tgg cgt agc cag atc ggc ttc gtt agc FEE]gac
P I D S \'% s L E N W R S Q I G F v S Q D
gcg
a Q430A

gcg

cac cac

gcg caa

agc gcg atc atg gcg ggt acc att cgt gaa aac ctg acc tac ggc ctg gag ggt aac ttt

R E N L T Y G L E G N F
ctg gat ctg geg tte geg cgt age ttt gtt gag aac
A R S F v E N

gtt |aag| atc agc ggc ggt cag
K I S G G Q

gcg
A K486A

acc gac gaa gat ctg tgg cag gtg

atg ccg gac caa ctg aac acc gag gtg ggt gag cgt ggt

cgt caa cgt ctg gcg att gcg
R o] R L A I A

gag gcg acc [geglfage] ctg
A S L

E A T

cgt
R

gat| agc gag agc gaa agce
D S E S E S

gcg ttc ctg cgt aac ccg aaa atc ctg atg ctg gat
A F L R N P K I L M L D
atg gtt cag cgt gcg ctg gac agc
v Q R A L D S

ctg
L

gat
D

gtt
v

Appendix 4: DNA and protein sequence of LmrA-NBD WT with N-terminal HisTEV tag (commercially obtained from

C

as1ss 959
atg aaa ggt
M K G
aag atc tac

K I Y

gcg acc cat
A T H

9955168957 D182
cgt acc acc ctg gtg
R T T L v
tte atc gag aag ggt
F I E K G
ccg ctg tat gcg aag
P L Y A K

att

gaa

tat
Y

gcg

atc

gtg
v

cac

acc

agc
s

cgt
R

ggc
G

gaa
E

ctg
L

age
]

caa

Q

agc acc att
S T I

ggt aaa cac
G K H

ctg acc gtg
L T v

Genscript). Pink boxes indicate amino acids that have been exchanged in LmrA-NBD WT.
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TEV cleavage
His -Tag TEV recognition sequence 330
atg ggt cat cac cac cat cat cac ggc tcc gaa aac ctg tac ttc cagfggc tctfgat gag
M G H H H H H H G S E N L Y F Q G SI, D E
gaa cag gaa gtt ctg cac cag ggt gat tct ctg gac ctc gaa ggc aaa acc ctc tct geg
E Q E \ L H Q G D S L D L E G K T L S A
cat cac gtt gat ttc gcg tac gac gac tcc gaa cag atc ctg cac gac atc agc ttc gaa
H H v D F A Y D D S E Q I L H D 1 S F E
gcc cag ccg aac tct att atc geg ttt get ggt cca age ggt ggce gqt{gzglagc acc atc
A Q P N S I I A F A G P S G G G K S T I
gcg
2 K388A

tte tet ctg ctg gaa [cgc] tte tat cag ccg act gca gge gaa att acc att ggt ggt cag
F S L L E R F Y Q P T A G E I T I G G Q

ggng?A
ccg atc gat tcc gtc tct ctg gaa aac [tgg| cgt agec cag att ggc ttc gtt agc cag gat
P I D S VvV § L E NI|wlRrR s @ 1 6 F VvV S @ D
Et w4z

gcg
a Waz21a
tce get att atg get gge acg atc cgt gag aac ctg act tat ggt ctg gaa ggt aac ttt
S A I M A G T I R E N L T Y G L E G N F
acc gac gaa gat ctg [tgg|cag gtc ctg gac ctg gca ttt geg cgt [tcc| ttc gtg gag aac
T D E D L W Q \' L D L A F A R ] F v E N

ttt tgt
F W457F & s467C

atg ccg gat cag ctg aac acc gaa gta ggt gag cgt ggt gtg aaa atc tct ggc ggt cag
M P D Q L N T E v G E R G W K I S G G Q

cgt cag cgt ctg gecc att gcot cgc goc ttc ctg cgt aac ccg aaa atc ctg atg ctc gac
R Q R L A I A R A F L R N P K I L M L D

|gaa gca acc gct tet ctg gac age gaa tcc gaa tct[atg] gta cag cge geg ctg gac tct
E A T A S L D S E S E S M A Q R A L D S

cag tgg
Q E512Q W M524W

ctg atg aaa ggt cgt acc acg ctg gtt atc gct [cac|lcgt ctg agc acg att gtg gat gecg
L M K G R T T L v I A H R L S T I v D A
gcg
A H543A

gac aaa atc tac ttc atc gag aaa ggc gaa atc act ggc tct ggc aaa cac aac gaa ctg
D K I Y F I E K G E I T G S G K H N E L
gta gca acc cac ccg ctg tac gca aaa tac gtt tcec gag cag ctg act gtg ggt cag taa
v A T H P L Y A K Y v S E Q L T v G Q -
590

Appendix 5: DNA and protein sequence of LmrA-NBD WT with N-terminal HisTEV tag (commercially obtained from
Entelechon). Pink boxes indicate amino acids that have been exchanged in LmrA-NBD WT.
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TEV cleavage
His.-Tag TEV recognition sequence 323

atg ggt cat cat cat cat cat cac ggt agc gaa aac ctg tac ttc caafggc tccfgac agt
M G H H H H H H G S E N L Y F Q G S D s
gag cag gag aaa gat gaa ggt aag cgc gtg atc gag cgt gcg act ggc gac gtg gaa ttc
E 0 E K D E G K R v I E R A T G D v E F
cgc aat gtc acc ttt act tat ccg gga cgt gac gta cct gca ttg cgt aac atc aac ctg
R N v T F T Y P G R D v P A L R N I N L
aaa att ccg gca ggg aag acg gtt gct ctg gtt gga cgc tcect ggt tcg ggt aaa tca acc
G K T v A L v G R S G S G K S T
atc gece age ctg atce acg cgt ttt tac gat att gat gaa ggc gaa atc ctg atg gat ggt
I A S L I T R F Y D I D E G E I L M D G
cac gat ctg cgc gag tat acc ctg gcg tcg tta cgt aac cag gtt gct ctg gtg tcg cag
H D L R E Y T L A S L R N Q v A L v S Q
aat gtc cat ctg ttt aac gat acg gtt gct aac aac att gct tac gca cgg act gaa cag
N A H L F N D T v A N N I A Y A R T E Q
tac agc cgt gag caa att gaa gaa gcg gcg cgt atg gcc tac gcc atqlﬁgglttc atc aat
Y 5 R E Q I E E A A R M A Y A M D F I N
9% pas1c
aag atg gat aac ggt ctc gat aca gtg att ggt gaa aac ggc gtg ctg ctc tct ggc ggt
K M D N G L D T v I G E N G v L L S G G
cag cgt cag cgt att gct atc gct cga gcc ttg ttg cgt gat agc ccg att ctg att ctg
Q R Q R I A I A R A L L R D S P I L I L
gac |gaal gct acc tcg gct ctg|gat| acc gaa tcc gaa cgt |geg| att cag gcg gca ctg gat
E D

D A T S A L T E S E R A I Q A A L D
cag gcg tag
Q E5060Q 2 D51zZa w AS18W

gag ttg cag aaa aac cgt acc tct ctg gtg att gcc cac cge ttg tct acc att gaa aag
E L Q K N R T S L v I A H R L S T I E K
gca gac gaa atc gtg gtc gtc gag gat ggt gtc att gtg gaa cgc ggt acg cat aac gat
A D E I v v Vv E D G v I v E R G T H N D
ttg ctt gag cac cgc ggc gtt tac gcg caa ctt cac aaa atg cag ttt ggc caa taa
L L E H R G v Y A Q L H K M Q F G Q -
582

Appendix 6: DNA and protein sequence of MsbA-NBD WT cloned from E. coli BL21-Gold (DE3) with N-terminal HisTEV tag.
Pink boxes indicate amino acids that have been exchanged in MsbA-NBD WT.
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TEV cleavage
His -Tag TEV recognition sequence 2

M G H H H H H H G S E N L Y F Q G S H N
gac aaa gat ctc tct acg tgg cag aca ttc cgc cga ctg tgg cca acc att gcg cct ttc
D K D L S T W Q T F R R L W P T I A P F
aaa gcg ggt ctg atc gtg gcg ggc gta gecg tta atc ctc aac gca gecc agc gat acc ttce

G L I V A G v A L I L N A A S D T F
atg tta tcg ctc ctt aag cca ctt ctt gat gat ggc ttt ggt aaa aca gat cgc tcc gtg
M L ] L L K P L L D D G F G K T D R S v
ctg gtg tgg atg ccg ctg gtg gtg atc ggg ctg atg att tta cgt ggt atc acc agc tat
L v W M P L v v I G L M I L R G I T S Y
gtc tcc agce taclEEE]atc tcc tgg gta tca gga aag gtg gta atg acc atg cgt cge cge
v S ] Y C I s W v s G K v v M T M R R R

tect

g C88s
ctg ttt ggt cac atg atg gga atg cca gtt tca ttc ttt gac aaa cag tca acg ggt acg
L F G H M M G M P v S F F D K Q S T G T
ctg ttg tca cgt att acc tac gat tcc gaa cag gtt get tet tet tet tec gge geca ctg
L L S R I T Y D S E Q v A S S S S G
att act gtt gtg cgt gaa ggt gcg tcg atc atc ggc ctg ttc atc atg atg ttc tat tac
I T Y X' R E G A S I I G L F I M M F Y Y
agt tgg caa ctg tcg atc att ttg att gtg ctg gca ccg att gtt tcg att geg att cge
S W Q L S I I L I v L A P I v S I A I R
gtt gta tcg aag cgt ttt cgc aac atc agt aaa aac atg cag aac acc atg ggg cag gtg
v v S K R F R N I S K N M Q N T M G
acc acc agc gca gaa caa atg ctg aag ggc cac aaa gaa gta ttg att ttc ggt ggt cag
T T S A E Q M L K G H K E \ L I F G G Q
gaa gtg gaa acg aaa cgc ttt gat aaa gtc agc aac cga atg cgt ctt cag ggg atg aaa
E vV E T K R F D K v S N R M R L 0 G
atg gtt tca gcc tct tcc atc tct gat ccg atc att cag ctg atc gcc tct ttg gecg ctg
M Vv ] A S S I S D P I I Q L T A S L A L
gcg ttt gtt ctg tat gcg gcg agc ttc cca agt gtec atg gat agec ctg act gcc ggt acg
A F v L Y A A S F P S v M D S L T A G T
att acc gtt gtt ttc tct teca atg att gca ctg atg cgt cecg ctg aaa tcg ctg acc aac
I T v Y F s S M I A L M R P L K S L T N
gtt aac gcc cag ttc cag cgc ggt atg gcg gct Fﬁzlcag acg ctg ttt acc att ctg gac
v N A Q F Q R G M A A C Q T L F T I L D

C315s

atg ggt cat cat cat cat cat cac ggt agc gaa aac ctg tac ttc caafggc tci/cat aac

tct

agt gag cag gag aaa gat gaa ggt aag cgc gtg atc gag cgt gcg act ggc gac gtg gaa
S E Q E K D E G K R v I E R A T G D v E
ttc cgc aat gtc acc ttt act tat ccg gga cgt gac gta cct geca ttg cgt aac atc aac
F R N \Y T F T Y P G R D v P A L R N I N
ctg aaa att ccg gca ggg aag acg gtt gct ctg gtt gga cgc tct ggt tcg ggt aaa tca
L K I P A G K T N A L v G R S G S G K S
acc atc gcc agec ctg atc acg cgt ttt tac gat att gat gaa ggc gaa atc ctg atg gat
T I A S L I T R F Y D I D E G E I L M D
ggt cac gat ctg cgc gag tat acc ctg gcg tcg tta cgt aac cag gtt gct ctg gtg tcg
G H D L R E Y T L A S L R N Q \ A L v S
cag aat gtc cat ctg ttt aac gat acg gtt gct aac aac att gct tac gca cgg act gaa
Q N v H L F N D T v A N N I A Y A R T E
cag tac agc cgt gag caa att gaa gaa gcg gcg cgt atg gec tac geec atg [gac| ttce atc
Q Y S R E Q I E E A A R M A Y A M D F I

9% napic

aat aag atg gat aac ggt ctc gat aca gtg att ggt gaa aac ggc gtg ctg ctc tct ggce
N K M D N G L D T v I G E N G A L L S G
ggt cag cgt cag cgt att gct atc gct cga gcc ttg ttg cgt gat agec ccg att ctg att
G Q R Q R I A I A R A L L R D S P I L I
ctg gac [gaal gct acc tcg get ctglgat] acc gaa tcc gaa cgt [gegl att cag geg gea ctg
L D E A T S A L D T E S E R A I Q A A L
5% BS060 aca 79 as1ew
gat gag ttg cag aaa aac cgt acc tct ctg gtg att gcocc cac cgec ttg tct acc att gaa
D E L Q K N R T S L v I A H R L S T I E
aag gca gac gaa atc gtg gtc gtc gag gat ggt gtc att gtg gaa cgc ggt acg cat aac
K A D E I v v v E D G v I v E R G T H N
gat ttg ctt gag cac cgc ggc gtt tac gcg caa ctt cac aaa atg cag ttt ggc caa tga

D L L E H R G v Y A Q L H K M Q F G Q -
582

D512A

Appendix 7: DNA and protein sequence of full-length MsbA WT cloned from of E. coli BL21-Gold (DE3) with N-terminal HisTEV
tag. Pink boxes indicate amino acids that have been exchanged in MsbA WT.
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1
atg gct agcfatg cca acc aag aaa caa aaa tct aaa agt aaa ttg aaa ccc ttt ttt gcc
M A S M P T K K Q K S K S K L K P F F A
tta gta aga cgg acc aat cct tct tat gga aag ctc gecc ttt geg ctt gee cte agt gta
L v R R T N P S Y G K L A F A L A L S v
gta acc acg ctg gtc age ctg ctec att cca tta tta acg aag cag ctt gtc gat ggt ttt
WV T T L v S L L I P L L T K Q L ' D G F
tct atg tca aat ctg tca ggc acg caa atc ggt ttg atc gecg ctg gtg ttt tte gtt cag
S M S N L S G T Q I G L I A L v F F v Q
gcg ggt tta agc gct tat gecc acc tat gecg ctt aac tat aat gga caa aaa atc att tcc
A G L S A Y A T Y A L N Y N G Q K I I S
ggg ctg cgg gag tta tta tgg aag aaa tta att aag ctg cct gtc tct tat ttc gat aca
G L R E L L W K K L I K L P v S Y F D T
aat gct tcc gga gaa aca gtc agc cgt gta acg aac gat acg atg gtg gtc aaa gaa ttg
N A S G E T ' S R v T N D T M v v K E L
att aca acc cat atc agc gga ttt att aca ggc atc att tct gtc att gga tca ttg aca
I T T H I S G G I T S v I G
atc ttg ttt att atg aac tgg aag ctg aca ctg ctt gtg tta gtg gtc gtt cecg ctg gcc
I L F I M N W K L T L L v L v v v P L A
gct ctt att ttg gtg ccg att gga cgg aaa atg ttc tcc att tca cgg gaa acg caa gat
A L I L v P I G R K M F S I S R E T Q D
gaa acg gct cgt ttt aca ggc ctg ctt aat caa att ctc ccg gaa atc aga ctt gtt aag
E T A R F T G L L N Q I L P E I R L N K
gct tca aat gcg gag gat gtc gaa tat ggg cgc ggg aag atg ggg att tcc tca tta ttt
A S N A E D v E Y G G K M G
aag ctt ggc gtt cgt gaa gcc aag gtt caa tcg ctt gtc ggc ccg ctt att tca ctc gtg
K L G v R E A K v Q S L v G P L I S L v
tta atg gca gcg ctt gtc gca gtg atc gga tat ggc ggc atg cag gtc tca tca ggc gag
L M A A L v A v I G Y G G M Q v s S G E
ctc aca gcc gga gcg ctc gtg gct ttt att tta tat ttg ttt caa att att atg ccg atg
L T A G A L N A F I L Y L F Q I I M P M
ggc cag att aca acg ttt ttc aca cag ctg caa aaa tca atc ggt gca aca gaa cga atg
G Q I T T F F T Q L Q K S I G A T E R M
att gag att ttg gca gag gaa gag gaa gat aca gtg aca gga aaa caa att gaa aat gca
I E I L A E E E E D T v T G K Q I E N A
cat ctg cct atc cag ctt gat cgc gtg tct ttt gga tat aag cct gat cag ctg atc tta
H L P I Q L D R v S F G Y K 13 D Q L I L
aaa gag gtc agc gcc gtc att gaa gca ggg aaa gtg aca gcg atc gtc ggt ccg agc ggc
K E Vv S A v I E A G K v T A I v G G
ggg gga |aaalacg acg ctg ttt aag ctg ctt gaa|cgc|ttt tat tct ccg act gca ggg acc
G G K T T L F K L L E R F Y s P T A G
c (s
979 K380a 929 r389a
aaa
K
gaa
E
atg
M
att cgg ctg ggg gac gag ccg gtc gat act tac tcg ctt gaa tcg tgg agg gag cat atc
I R L G D E P v D T Y S L E s W R E H I
ggg tat gta tca cag gaa agc ccg tta atg tcec ggg aca atc aga gaa aat att tgc tac
G Y v S Q E S P L M S G T I R E N I c Y
ggg tta gaa cga gat gtg acg gat gct gag atc gaa aaa gcc gcg gag atg geca tat geg
G L E R D A T D A E I E K A A E M A Y A
cte |aat| ttt ata aag gag ctg ccg aat cag ttt gat aca gaa gtg ggc gaa cgc ggce att
N F I K E L P N Q F D T B v G E R G I

N459C

R389K
R389E

R389M

tgc

atg ctg tca ggc gga caa agg caa aga atc gcg att gcg aga gcocg ctt ctc cgt aac cca
M L S G G Q R Q R I A I A R A L L R N P

agc att ctt atg ctc gat gaa gct acc |tcal|agf ctc [gac|agc caa tct gaa aaa |tca| gtt
] I L M L D E - T S S L D S Q S E K ]

C C C t
s507a 9399795508 979 p510A o 516w
cag cag gcg ctg gag gtg ctg atg gag ggc cgc aca acg att gtt atc gct cac cgc cta
Q Q A L E v L M E G R T T I \'% I A H R L
tct acc gtt gta gat gcg gac cag ctt ttg ttt gtt gaa aaa ggg gaa att acc ggt cgt
S T v v D A D Q L L F v E K G E I T G R
gga aca cac cat gag tta atg gct tcc cat ggc ctt tac cgg gat ttt gct gaa cag cag
G T H H E L M A S H G L Y R D F A E Q Q
ctg aaa atg aat gcg gac tta gaa aac aaa gcc gggfgtc gac aag ctt gcg gcc gca ctce
L K M N A D L E N K A G \ D K L A A A L

gag cac cac cac cac cac cac tga 589
BE H H H H H H -
His.-Tag

Appendix 8: DNA and protein sequence of full-length BmrA WT with C-terminal Hiss tag (BmrA WT provided by Prof. |l
I Lvon). Pink boxes indicate amino acids that have been exchanged in BmrA WT.
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atg
gaa
ctg

ccg

gcg

gaa
atc

gcg

cgt
cgt

aag

cac
H

ace
T

gaa
E

ggg cat cat

aac gcg cac

att ctg aaa

age ggt ggc
G G

ggt acc ate

cac att

ggt
G

tgc tac ggt

tat gecg ctg

atc atg
I M
aac ccg agc
N P S
agc| gtt cag
S v Q

tgg
W s51em

ggt
G

cgt ctg agc
R L S
gge cgt ggt
G R G
caa caa Ctg
9] Q L

His,-Tag
cac cac
H H
ctg ccg
L P
gag gtt
E v

ggt aaa
G K

cgt ctg
R L

tat gtg
Y v
ctg gaa
L E
aac| tte
N F
tgc
C
ctg agc
L 5
att ctg
I L
caa gcg
Q A

acc gtt
T \'
acc cac
T H
aag atg
K M

cac
atc
agce

acc

ggt

agc
S

cgt
R

att
I

N459C

ggc
G

atg
M

ctg
L

gtg
v

cac
H

aat
N

cac
caa
gcg

acc
gac

cag
gac

aaa

ggt
G
ctg

gaa

gac
D

gaa
E

geg
A

gga
ctg
gtg

ctg

gaa

gag
gtt

gaa

cag
gac

gtg

gcg
A

ctg
L

gac
D

tca
gac
atc

tte

ceg

agc
acc

ctg

cgt

gag

ctg

gat
D

atg
M

ctg
L

gaa
cgt
gaa

aaa

gtt

cecg
gat

ccg

caa

geg

atg

caa
Q

gcyg
A

gag
E

TEV recognition sequence

aat
N

gtg
v

gcg
A

ctg
L

gat

ctg
gcg

aac

cgt
acc

gaa

ctg
L

agc
S

aat
N

Eler)
L
agc
S
ggc
G
ctg
L

acc

atg
gag

cag

atc
I

agc
5

ggt
G

ctg
L

cac
H

aag
K

tat
Y

ttt
F

aaa
K

gag
E

tac

agc
atc

ttt

gcg
agc

cgt

tte
F

ggt
G

gcg
A

R
F
ggt
G
gtt
v
cgt
R
gcg
A
agc
s

ggc
G

gaa
E

gat
D

att
ctg

acc

gtg
v
ctg
L
ggc
G
589

TEV cleavage
331

caafggc
Q G
tac aag
Y K
acc gcg
T A
ttt tat
F Y

R389A

ctg gag
L E

acc att

aag gcg

acc gag

gcg cgt

gat agc

acc atc

gag aaa
tac cgt
Y R
taa

aaa
cecg
att

agc
agce

cgt
gcg

gtg

gcg
cag

gtt

ggc
G

gat
D

cag
gat
gtg

ccg

tgg
W

Lttt
gag
gag

ggt

ctg
agc

att

gaa

ttt

att
cag

ggt

acc

cgt

W413F
aac

atg

gag

ctg
gaa

gcg

atc

gcg

Appendix 9: DNA and protein sequence of BmrA-NBD WT with N-terminal HisTEV tag (commercially obtained from
Genscript). Pink boxes indicate amino acids that have been exchanged in BmrA-NBD WT.
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TEV cleavage
His,-Tag TEV recognition sequence 2
atg ggg cat cat cac cac cac cac gga tca gaa aat cta tat ttt caafgggjfccc acc aag
M G H H H H H H G S E N L Y F Q G P T K
aag cag aaa agc aag agc aag ctg aaa ccg ttc ttt geg ctg gtt cgt cgt acc aac ccg
K Q K S K S K L K P F F A L v R R T N P
agce tac ggt aaa ctg gcg ttt gcg ctg geg ctg age gtg gtt acc acc ctg gtt age ctg
S Y G K L A F A L A L B v v T T L v S L
ctg atc ccg ctg ctg acc aaa cag ctg gtt gac ggc ttt agc atg agc aac ctg agc ggc
L I P L L T K Q L v D G F S M 5 N L 5 G
acc cag atc ggt ctg att gcg ctg gtt ttc ttt gtg caa gcg ggt ctg agc gcg tac gcg
G L I A L v F F v Q A G L S A Y A
acc tat gcg ctg aac tac aac ggc caa aag atc att agc ggt ctg cgt gag ctg ctg tgg
T Y A L N Y N G Q K I I S G L R E L L W
aag aaa ctg atc aaa ctg ccg gtt agc tat ttc gac acc aac gcg agc ggc gaa acc gtg
K K L I K L P N S Y F D T N A 5 G E T v
agc cgt gtg acc aac gat acc atg gtg gtt aag gaa ctg atc acc acc cac att agc ggc
S R v T N D T M v v K E L I T T H I 5 G
ttc atc acc ggt atc att agc gtg atc ggt agc ctg acc atc ctg ttt att atg aac tgg
F I T G I I S v I G S L T I L F I M N W
aag ctg acc ctg ctg gtt ctg gtg gtt gtt ccg ctg gcg gcg ctg att ctg gtg ccg att
K L T L L v L A v v P L A A L I L v P I
ggt cgt aaa atg ttc agc att agc cgt gaa acc cag gac gaa acc gcg cgt ttt acc ggt
G R K M F S I S R E T Q D E T A R F T G
ctg ctg aac caa att ctg ccg gag atc cgt ctg gtt aag gcg agc aac gcg gag gat gtg
L L N Q I L P E I R L v K A s N A E D v
gaa tat ggc cgt ggt aaa atg ggc atc agc agc ctg ttc aag ctg ggt gtt cgt gaa gcg
G G K M G I S S L F K L G v R E A
aaa gtt cag agc ctg gtg ggc ccg ctg atc age ctg gtg ctg atg gcg gecg ctg ggt gtt
K v Q S L v G P L I S L v L M A A L G v
gcg gtg att ggt tac ggt ggc atg caa gtt agc agc ggt gaa ctg acc gcg ggt gecg ctg
A v I G Y G G M Q v S S G E L T A G A L
gtt gcg ttc atc ctg tac ctg ttc cag atc att atg ccg atg ggc caa atc acc acc ttc
v A F I L Y L F Q I I M P M G Q I T T F
ttt acc cag ctg caa aag agc att ggt gcg acc gag cgt atg atc gaa att ctg gcg gag
F T Q L Q K S I G A T E R M I E I L A E
gaa gag gaa gac acc gtt acc ggc aaa cag att gaa aac gcg cac ctg ccg atc caa ctg
E E E D T v T G K Q I E N A H L P I Q L
gac cgt gtg agc ttt ggt tac aag ccg gat cag ctg att ctg aaa gag gtt agc gcg gtg
D R v ) F G Y K P D Q L I L K E v S A v
atc gaa gcg ggce aaa gtt acc gcg att gtg ggt ccg age ggt ggc ggt aaa acc acc ctg
I E A G K v T A I v G P S G G G K T T L

ttc aaa ctg ctg gag|cgt| ttt tat agc ccg acc gcg ggt acc atc cgt ctg ggt gac gaa
F K L L E R F Y S P T A G T I R L G D E

99 p3gon

A
ccg gtt gat acc tac agc ctg gag agc (Etgg|cgt gaa cac att ggt tat gtg agc cag gag
P v D T Y S L E S w R E H I G Y v S Q E
Tt wa13F
agc ccg ctg atg age gge acc att cgt gag aac atc tgc tac ggt ctg gaa cgt gac gtt
G T I R E N I o} Y G L E R D v
acc gat gcg gag atc gaa aag gcg geg gag atg geg tat geg ctglaat| tte att aaa gaa
T D A E I E K A A E M A Y A L N F I K E
tgc
¢ N459C

ctg ccg aac cag ttt gat acc gag gtg ggt gag cgt ggt atc atg ctg agc ggc ggt cag
G E R G I M L S G G Q
cgt caa cgt atc gcg att gcg cgt gecg ctg ctg cgt aac ccg agc att ctg atg ctg gac
R Q R I A I A R A L L R N P S I L M L D
gag gcg acc agce age ctg gat age cag agc gaa aag|agce|gtt cag caa gcg ctg gaa gtg
E A T S S L D S Q S E K S v Q Q A L E A

tgg
W S51ew

ctg atg gaa ggt cgt acc acc atc gtt att gcg cac cgt ctg agc acc gtt gtg gac gcg
L M E G R T T I v I A H R L S T v v D A
gat caa ctg ctg ttc gtg gag aaa ggc gaa atc acc ggc cgt ggt acc cac cac gaa ctg
D Q L L F v E K G E I T G R G T H H E L
atg gcg agc cac ggt ctg tac cgt gat ttt gcg gaa caa caa ctg aag atg aat gcg gac
M A S H G L Y R D F A E Q Q L K M N A D
ctg gag aat aag gcg ggc taa

L E N K A G -

589

Appendix 10: DNA and protein sequence of full-length BmrA with N-terminal HisTEV tag (BmrA WT commercially obtained
from Genscript, numbering based on ). Pink boxes indicate amino acids that have been exchanged in BmrA WT.
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3. CHAPTER lll: RESULTS

3.1. Consequences of nucleotide binding to the NBD of multidrug ABC transporters
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Appendix 11: Effect of ADP binding to the isolated ABC transporter NBD of MsbA

Overlay of 1H-1SN TROSY HSQC spectra of 2H,*>N,’3C-labeled MsbA-NBD in the apo (black) and ADP-bound state

(blue — 10 mM ADP).
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Appendix 12: Effect of ADP binding to the isolated ABC transporter NBD of BmrA

Overlay of 1H-15N TROSY HSQC spectra of 2H,°N,3C-labeled BmrA-NBD in the apo (black) and ADP-bound state

(blue — 10 mM ADP).
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Appendix table 4: Comparison of reported Kp values for different ABC transporters for ADP and ATP

ABC transporter Kp value Kp value Reference
ATP [uM] ADP [uM]
Atm1 (C-NBD) 97 43 Chen & Cowan, 2003401
Mdl1p (NBD) 2 (+Mg?) 64 (+Mg?*) Janas et al., 200322
MRP1 (N-NBD) 118 (+Mg?*) 139 (+Mg?) Ramaen et al., 2003
MRP1 32.3+10.9 > Buyse et al., 2006403
P-gp (chin. Hamster) 870+ 120 330 Siarheyeva et al., 20107
P-gp (chin. Hamster) 404 + 42 407 + 33 Qu et al., 2003
P-gp (chin hamster) 280 330 Liu et al., 2000
50.6 (TNP-ATP) 43.9 (TNP-ADP)
P-gp 2200 (TNP-ATP) Dayan et al., 1996406
6300 (ATP

displacement)

P-gp 1200-1800 2300 Baubichon-Cortay et al., 199447
(TNP-ATP) (TNP-ADP)

2500 — 3000 (ATP
displacement)

MsbA (E. coli) 3050 + 430 130 £ 60 Siarheyeva & Sharom, 20093
BmrA (B. subtilis) 1550 - Steinfels et al., 2004'%
TNP ATP 850 + 60
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Appendix 13: Effect of ATP binding to the isolated ABC transporter NBD of LmrA
Overlay of 1H-15N TROSY HSQC spectra of 1°N-labeled LmrA-NBD in the apo (black) and ATP-bound state (red-10 mM ATP).
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Appendix 14: Effect of MgADP binding to the isolated ABC transporter NBD of LmrA
Overlay of H-15N TROSY HSQC spectra of ©*N-labeled LmrA-NBD in the apo (black) and MgADP-bound state (blue-10 mM

MgADP).
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Appendix 15: Effect of MgATP binding to the isolated ABC transporter NBD of LmrA
Overlay of 1H-15N TROSY HSQC spectra of >N-labeled LmrA-NBD in the apo (black) and MgATP-bound state (brown-10 mM
MgATP).
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Appendix 16: Effect of nucleotide binding with magnesium to the isolated ABC transporter LmrA-NBD

A) Effect of MgADP binding Bar graph showing the comparison of chemical shift differences between apo and MgADP-
bound state for LmrA-NBD. Above the bar graph chemical shift changes are shown plotted on a ribbon surface representation
of a LmrA-NBD homology model based on Sav1866 (PDB ID: 2HYD34). View on the NBD-NBD interface (left) and view on the
coupling helix groove (right) are shown. Blue or violet indicate residues whose peaks are only present in the H-1>N HSQC
spectra of the MgADP-bound state or the apo state, respectively. B) Effect of MgATP binding. Bar graph showing the
comparison of chemical shift differences between apo and ATP-bound state for LmrA-NBD. Above the bar graph chemical
shift changes are shown plotted on a ribbon surface representation of a LmrA-NBD homology model based on Sav1866
(PDB ID: 2HYD34). View on the NBD-NBD interface (left) and view on the coupling helix groove (right) are shown. Dark blue
or violet indicate peaks whose peaks are only present in the 1H-1>N TROSY HSQC spectra of the MgATP-bound state or the
apo state, respectively. Amino acid numbering is based on the full-length transporter, yellow and red dotted lines indicate
1 0and 2 o standard deviation. Color gradient from yellow to red represents increasing chemical shift differences from >2 o
(red) to 1 o (yellow). Residues with chemical shift differences below 1 o or those that could not be traced reliably or remain
unassigned are shown in gray. Downward orientated bars represent peaks not present in the apo but in the ADP-bound
state. Missing data points indicate either prolines, unassigned residues or negligible AS values. Above the bar graph, the
corresponding secondary structure elements of LmrA-NBD are displayed. Lighter gray indicates the a-helical subdomain.
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W apo
250 | ADP

W ATP

m MgADP
200 | MgATP
m Mg~

Number of residues
]
[

NBD WT
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Appendix 17: Bar graph representation of the amino acid residue numbers (total number of peaks) of 1H-'>N TROSY HSQC
spectra of WT LmrA-NBD, MsbA-NBD and BmrA-NBD with and without ligand.
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Appendix 18: Characterization of protein constructs used in PET-FCS

A) Structural integrity and oligomerization state of WT LmrA-NBD and constructs (S467C — blue, S467C-M524W — pink and
S467C-M524W-E512Q —dark purple) used in PET-FCS analyzed by gel filtration, CD spectroscopy and SDS-PAGE. B) Structural
integrity and oligomerization state of WT MsbA-NBD, E506Q mutant and constructs used for PET-FCS (E506Q — gray, D461C
— blue, D461C-A518W — dark purple) analyzed by gel filtration, CD spectroscopy and SDS-PAGE. C) Structural integrity and
oligomerization state of WT BmrA-NBD and constructs used for PET-FCS (N459C — blue, N459C-S516W — dark purple)
analyzed by gel filtration, CD spectroscopy and SDS-PAGE.
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3.2. Role of conserved motifs in the NBD of multidrug ABC transporters
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Appendix 19: Spectral differences between WT LmrA-NBD and the Walker A motif mutant (K388A) in the ADP-bound state

(10 mM ADP)
Overlay of 1H-15N TROSY HSQC spectra of 1°N-labeled LmrA-NBD WT (blue) and K388A (light gray).
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Appendix 20: Spectral differences between LmrA-NBD Walker A motif mutant (K388A) in the apo, ADP-bound state
(10 mM ADP) and ATP-bound state (10 mM ATP)
Overlay of 1H->N TROSY HSQC spectra of °*N-labeled LmrA-NBD K388A in the apo (black), ADP-bound state (blue-10 mM
ADP) and ATP-bound state (dark gray-10 mM ATP).
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Appendix 21: ADP binding to the H-loop mutant (H543A) of LmrA-NBD
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Overlay of 1H-1>N TROSY HSQC spectra of 1°N-labeled LmrA-NBD H543A in the apo (dark purple) and ADP-bound state (violet-

10 mM ADP).
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Appendix 22: ATP binding to the H-loop mutant (H543A) of LmrA-NBD

Overlay of 1H-15N TROSY HSQC spectra of 1°N-labeled LmrA-NBD H543A in the apo (dark purple) and ATP-bound state (purple-

10 mM ATP)
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Appendix 23: NH resonances of the D-loop residues A515-L517 “sense” nucleotide binding

Close-up views of 1H-1°N TROSY HSQC spectra of 1*N-labeled LmrA-NBD H543A showing the NH resonances for the D-loop
residues A515, S516 and L517 in the apo, ADP-bound (10 mM). Overlays of the apo (black), ATP-bound (purple) and ADP-
bound (violet) states are shown (Appendix 21 and Appendix 22).
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Appendix 24: ADP binding to the Q-loop mutant (Q430A) of LmrA-NBD
Overlay of 1H-15N TROSY HSQC spectra of 1>N-labeled LmrA-NBD Q430A in the apo (dark green) and ADP-bound state (green-
10 mM ADP).
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Appendix 25: ATP binding to the Q-loop mutant (Q430A) of LmrA-NBD
Overlay of 1H-1>N TROSY HSQC spectra of 1°N-labeled LmrA-NBD Q430A in the apo (dark green) and ATP-bound state (olive
green-10 mM ATP).
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Appendix 26: Effect of ADP binding to the isolated ABC transporter NBD of LmrA
Overlay of 1H-15N TROSY HSQC spectra of 1>N-labeled LmrA-NBD in the apo (black) and ADP-bound state (blue-10 mM ADP).
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Appendix 27: ADP binding to the D-loop mutant (D518A) of LmrA-NBD
Overlay of 1H-*N TROSY HSQC spectra of *>N-labeled LmrA-NBD D518A in the apo (dark cyan) and ADP-bound state (cyan-
10 mM ADP).
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Appendix 28: ATP binding to the D-loop mutant (D518A) of LmrA-NBD
Overlay of 1H-15N TROSY HSQC spectra of 1°N-labeled LmrA-NBD D518A in the apo (dark turqois) and ATP-bound state (light
turqois-10 mM ATP).
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Appendix 29: Spectral differences between WT LmrA-NBD and its D-loop variants (SALD and SSLD) in the ADP-bound state
(10 mM ADP)

Overlay of 1H->N TROSY HSQC spectra of 1*N-labeled LmrA-NBD WT (blue), SALD LmrA-NBD mutant (light blue) and SSLD
LmrA-NBD mutant (dark blue).
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Appendix 30: Characterization of WT NBDs and their D-loop variants

A) Structural integrity of WT LmrA-NBD and D-loop variants (SALD - light blue, SSLD - dark blue and D518A - cyan) analyzed
by gel filtration, CD spectroscopy and SDS-PAGE (15% gel and stained with Coomassie blue). B) Basal ATPase activites of WT
LmrA-NBD and variants (D518A - cyan). ATPase activities of LmrA-NBD (~400 ug) in buffer (50 mM BisTrispH6.5, 50 mM
NaCl) were recorded at 37 °C. As LmrA-NBD shows no ATPase acitivity, ADP was added as a positive control and buffer was
used as a negative control. C) Structural integrity of WT MsbA-NBD and variants (E506Q - gray and D512A - cyan) analyzed
by gel filtration, CD spectroscopy and SDS-PAGE (15% gel). D) Basal ATPase activites of WT MsbA-NBD and variants
(E506Q - gray and D512A - cyan). ATPase activities of MsbA-NBD (~400 ug) in buffer (50 mM BisTrispH6.5, 50 mM NaCl)
were recorded at 37 °C. As positive control, ADP was used and as a negative control buffer without any protein. E) Gel
filtration of WT full-length BmrA and variants (K380A - gray, SALD - light blue, ASLD — dark cyan and D510A - cyan) in LMNG.
(left) SDS PAGE (12% gel) stained with Coomassie blue showing the overexpression of WT full-length BmrA and variants
(K380A - gray, SALD - light blue, ASLD - dark cyan and D510A - cyan) in I0Vs of E. coli C41 (DE3) cells. (middle) SDS-PAGE
(12% gel) stained with Coomassie blue showing WT full-length BmrA and variants (K380A - gray, SALD - light blue,
ASLD - dark cyan and D510A - cyan) after purification in LMNG. (right) IOV - Inside out vesicles. LMNG - Lauryl maltose
neopentyl glycol.
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Appendix 31: Basal ATPase activites of WT LmrA-NBD and variants (K388A-gray, D518A-cyan, Q430A-green and H543A-
violet). ATPase activities of LmrA-NBD (~400 ug) in buffer (50 mM BisTrispH6.5, 50 mM NaCl) were recorded at 37 °C. As
LmrA-NBD shows no ATPase acitivity, ADP was added as a positive control and buffer was used as a negative control.
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3.3. Discovery of a novel communication hinge Linking NBS and TMD in multidrug ABC
transporters

Sequences used for the sequence alignment in clustal omega
(www.ebi.ac.uk/Tools/msa/clustalo/>'):

>sp|P97046|349-584 LmrA_L. lactis
MERGPQMANRIEGKAVDKTSIKHFVKLIRAAKPRYLFFVIGIVAGIIGTLIQLQVPKMVQ
PLINSFGHGVNGGKVALVIALYIGSAAVSAIAAIVLGIFGESVVKNLRTRVWDKMIHLPV
KYFDEVKTGEMSSRLANDTTQVKNLIANSIPQAFTSILLLVGSIIFMLQMQWRLTLAMII
AVPIVMLIMFPIMTFGQKIGWTRQDSLANFQGIASESLSEIRLVKSSNAEKQASKKAEND
VNALYKIGVKEAVFDGLMSPVMMLSMMLMIFGLLAYGIYLISTGVMSLGTLLGMMMYLMN
LIGVVPTVATFFTELAKASGSTGRLTELLDEEQEVLHQGDSLDLEGKTLSAHHVDFAYDD
SEQILHDISFEAQPNSIIAFAGPSGGGKSTIFSLLERFYQPTAGEITIGGQPIDSVSLEN
WRSQIGFVSQDSAIMAGTIRENLTYGLEGNFTDEDLWQVLDLAFARSFVENMPDQLNTEV
GERGVKISGGQRQRLAIARAFLRNPKILMLDEATASLDSESESMVQRALDSLMKGRTTLV

IAHRLSTIVDADKIYFIEKGEITGSGKHNELVATHPLYAKYVSEQLTVGQ

>sp| 006967 |BmrA_B. subtilis
MPTKKQKSKSKLKPFFALVRRTNPSYGKLAFALALSVVTTLVSLLIPLLTKQLVDGFSMS
NLSGTQIGLIALVFFVQAGLSAYATYALNYNGQKISGLRELLWKKLIKLPVSYFDTNAS
GETVSRVTNDTMVVKELITTHISGFITGISVIGSLTILFIMNWKLTLLVLVVVPLAALI
LVPIGRKMFSISRETOQDETARFTGLLNQILPEIRLVKASNAEDVEYGRGKMGISSLFKLG
VREAKVQSLVGPLISLVLMAALVAVIGYGGMQVSSGELTAGALVAFILYLFQIIMPMGQI
TTFFTQLQKSIGATERMIEILAEEEEDTVTGKQIENAHLPIQLDRVSFGYKPDQLILKEV
SAVIEAGKVTAIVGPSGGGKTTLFKLLERFYSPTAGTIRLGDEPVDTYSLESWREHIGYV
SQESPLMSGTIRENICYGLERDVTDAEIEKAAEMAYALNFIKELPNQFDTEVGERGIMLS
GGQRQRIAIARALLRNPSILMLDEATSSLDSQSEKSVQQALEVLMEGRTTIVIAHRLSTV

VDADQLLFVEKGEITGRGTHHELMASHGLYRDFAEQQLKMNADLENKAG
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>sp|P60752 | MSBA_ E. coli (strain K12)
MHNDKDLSTWQTFRRLWPTIAPFKAGLIVAGVALILNAASDTFMLSLLKPLLDDGFGKTD
RSVLVWMPLVVIGLMILRGITSYVSSYCISWVSGKVVMTMRRRLFGHMMGMPVSFFDKQS
TGTLLSRITYDSEQVASSSSGALITVVREGASIIGLFIMMFYYSWQLSIILIVLAPIVSI
AIRVVSKRFRNISKNMQONTMGQVTTSAEQMLKGHKEVLIFGGQEVETKRFDKVSNRMRLQ
GMKMVSASSISDPIIQLIASLALAFVLYAASFPSVMDSLTAGTITVVESSMIALMRPLKS
LTNVNAQFQRGMAACQTLFTILDSEQEKDEGKRVIERATGDVEFRNVTFTYPGRDVPALR
NINLKIPAGKTVALVGRSGSGKSTIASLITRFYDIDEGEILMDGHDLREYTLASLRNQVA
LVSQNVHLFNDTVANNIAYARTEQYSREQIEEAARMAYAMDFINKMDNGLDTVIGENGVL
LSGGQRQRIAIARALLRDSPILILDEATSALDTESERAIQAALDELQKNRTSLVIAHRLS

TIEKADEIVVVEDGVIVERGTHNDLLEHRGVYAQLHKMQFGQ

>sp|Q9HUG8|356-592_MsbA_P. aeruginosa_NBD
LEVRNLSFRYPGTDKQVLDDISFIAEPGQMIALVGRSGSGKSTLANLVPRFYQHNDGKIL
LDGVEVEDYRLRNLRRHIALVTQQVTLFNDSVANNIAYGDLAGAPREEIERAAKAANAKE
FIDNLPQGFDTEVGENGVLLSGGQRQRLAIARALLKDAPLLILDEATSALDTESERHIQA

ALDEVMKGRTTLVIAHRLSTIEKADLILVMDQGQIVERGSHAELLAQNGHYARLHAM

>sp|Q99T13|340-575_Sav1866_S. aureus_NBD
IDIDHVSFQYNDNEAPILKDINLSIEKGETVAFVGMSGGGKSTLINLIPRFYDVTSGQIL
IDGHNIKDFLTGSLRNQIGLVQQDNILFSDTVKENILLGRPTATDEEVVEAAKMANAHDF
IMNLPQGYDTEVGERGVKLSGGQKQRLSIARIFLNNPPILILDEATSALDLESESIIQEA

LDVLSKDRTTLIVAHRLSTITHADKIVVIENGHIVETGTHRELIAKQGAYEHLYSI

>tr|032748|341-576_HorA_L. brevis_NBD
LQMNHVSFSYDQHHPILSGVSFTAEPNSVIAFAGPSGGGKSTISSLIERFYEPNEGSITI
GNTNITDIQLADWRQQIGLVGQDAAIMSGTIRYNLTYGLPGHFSDEQLWHVLEMAYATQF
VQKMPRGLDTEVGERGVKVSGGQRQRLAIARAFLRNPKILMLDEATASLDSESEMMVQKA

LDQLMANRTTLVIAHRLSTITNADEIYFIENGRVTGQGTHQQLVKTTPLYREYVKN
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>sp|P08716|468-703_HemB_E. coli_ NBD
ITFRNIRFRYKPDSPVILDNINLSIKQGEVIGIVGRSGSGKSTLTKLIQRFYIPENGQVL
IDGHDLALADPNWLRRQVGVVLQDNVLLNRSIIDNISLANPGMSVEKVIYAAKLAGAHDF
ISELREGYNTIVGEQGAGLSGGQRQRIAIARALVNNPKILIFDEATSALDYESEHVIMRN

MHKICKGRTVIIIAHRLSTVKNADRIIVMEKGKIVEQGKHKELLSEPESLYSYLYQ

>sp| Q03518 |TAP1_Homo sapiens
MAELLASAGSACSWDFPRAPPSFPPPAASRGGLGGTRSFRPHRGAESPRPGRDRDGVRVP
MASSRCPAPRGCRCLPGASLAWLGTVLLLLADWVLLRTALPRIFSLLVPTALPLLRVWAV
GLSRWAVLWLGACGVLRATVGSKSENAGAQGWLAALKPLAAALGLALPGLALFRELISWG
APGSADSTRLLHWGSHPTAFVVSYAAALPAAALWHKLGSLWVPGGQGGSGNPVRRLLGCL
GSETRRLSLFLVLVVLSSLGEMAIPFFTGRLTDWILQDGSADTFTRNLTLMSILTIASAV
LEFVGDGIYNNTMGHVHSHLQGEVFGAVLRQETEFFQQNQTGNIMSRVTEDTSTLSDSLS
ENLSLFLWYLVRGLCLLGIMLWGSVSLTMVTLITLPLLFLLPKKVGKWYQLLEVQVRESL
AKSSQVAIEALSAMPTVRSFANEEGEAQKFREKLQEIKTLNQKEAVAYAVNSWTTSISGM
LLKVGILYIGGQLVTSGAVSSGNLVTFVLYOMQFTQAVEVLLSIYPRVOKAVGSSEKIFE
YLDRTPRCPPSGLLTPLHLEGLVQFQDVSFAYPNRPDVLVLQGLTFTLRPGEVTALVGPN
GSGKSTVAALLONLYQPTGGQLLLDGKPLPQYEHRYLHRQVAAVGQEPQVFGRSLQENIA
YGLTQKPTMEEITAAAVKSGAHSFISGLPQGYDTEVDEAGSQLSGGQRQAVALARALIRK
PCVLILDDATSALDANSQLQVEQLLYESPERYSRSVLLITQHLSLVEQADHILFLEGGAI

REGGTHQQLMEKKGCYWAMVQAPADAPE

>sp|Q03519|468-686_TAP2_ Homo sapiens NBD2
VKFQDVSFAYPNRPDRPVLKGLTFTLRPGEVTALVGPNGSGKSTVAALLONLYQPTGGQV
LLDEKPISQYEHCYLHSQVVSVGQEPVLFSGSVRNNIAYGLOQSCEDDKVMAAAQAAHADD
FIQEMEHGIYTDVGEKGSQLAAGQKQRLAIARALVRDPRVLILDEATSALDVQCEQALQD

WNSRGDRTVLVIAHRLQTVQRAHQILVLQEGKLQKLAQL
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>sp|P13569|423-646_CFTR_Homo sapiens_NBD1
NGDDSLFFSNFSLLGTPVLKDINFKIERGQLLAVAGSTGAGKTSLLMVIMGELEPSEGKI
KHSGRISFCSQFSWIMPGTIKENIIFGVSYDEYRYRSVIKACQLEEDISKFAEKDNIVLG
EGGITLSGGQRARISLARAVYKDADLYLLDSPFGYLDVLTEKEIFESCVCKLMANKTRIL

VTSKMEHLKKADKILILHEGSSYFYGTFSELONLQPDFSSKLMG

>sp|P13569]1210-1443 CFTR_Homo sapiens_NBD?2
MTVKDLTAKYTEGGNAILENISFSISPGOQRVGLLGRTGSGKSTLLSAFLRLLNTEGEIQI
DGVSWDSITLOQQWRKAFGVIPQKVFIFSGTFRKNLDPYEQWSDQEIWKVADEVGLRSVIE
QFPGKLDFVLVDGGCVLSHGHKQLMCLARSVLSKAKILLLDEPSAHLDPVTYQIIRRTLK

QAFADCTVILCEHRIEAMLECQQFLVIEENKVRQYDSIQKLLNERSLFRQAISP

>sp|P08183|392-628 P-gp_Homo sapiens NBD1
LEFRNVHFSYPSRKEVKILKGLNLKVQSGQTVALVGNSGCGKSTTVQLMQRLYDPTEGMV
SVDGQDIRTINVRFLREIIGVVSQEPVLFATTIAENIRYGRENVTMDEIEKAVKEANAYD
FIMKLPHKFDTLVGERGAQLSGGQKQRIAIARALVRNPKILLLDEATSALDTESEAVVQV

ALDKARKGRTTIVIAHRLSTVRNADVIAGFDDGVIVEKGNHDELMKEKGIYFKLVTM

>1035-1273_P-gp_Homo sapiens-NBD2
VTFGEVVFNYPTRPDIPVLQGLSLEVKKGQTLALVGSSGCGKSTVVQLLERFYDPLAGKV
LLDGKEIKRLNVQWLRAHLGIVSQEPILFDCSIAENIAYGDNSRVVSQEEIVRAAKEANI
HAFIESLPNKYSTKVGDKGTQLSGGQKQRIAIARALVRQPHILLLDEATSALDTESEKVV

QEALDKAREGRTCIVIAHRLSTIQNADLIVVFQNGRVKEHGTHQQLLAQKGIYFSMVSV

>sp|P33527|644-868 MRP1_Homo sapiens_NBD1
ITVRNATFTWARSDPPTLNGITFSIPEGALVAVVGQVGCGKSSLLSALLAEMDKVEGHVA
IKGSVAYVPQQAWIQNDSLRENILFGCQLEEPYYRSVIQACALLPDLEILPSGDRTEIGE
KGVNLSGGQKQRVSLARAVYSNADIYLFDDPLSAVDAHVGKHIFENVIGPKGMLKNKTRI

LVTHSMSYLPQVDVIIVMSGGKISEMGSYQELLARDGAFAEFLRT
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>sp|P33527|1293-1527_MRP1_Homo sapiens_NBD2
VEFRNYCLRYREDLDFVLRHINVTINGGEKVGIVGRTGAGKSSLTLGLFRINESAEGEII
IDGINIAKIGLHDLRFKITIIPQDPVLFSGSLRMNLDPFSQYSDEEVWTSLELAHLKDFV
SALPDKLDHECAEGGENLSVGQRQLVCLARALLRKTKILVLDEATAAVDLETDDLIQSTI

RTQFEDCTVLTIAHRLNTIMDYTRVIVLDKGEIQEYGAPSDLLQQRGLFYSMAKD
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ABC exporter type | _ (ABC transporter type IV fold) used for weblogo
(http://weblogo.threeplusone.com/create.cgi3'®3):

>sp|P08716|468-703_HemB_E. coli_ NBD
ITFRNIRFRYKPDSPVILDNINLSIKQGEVIGIVGRSGSGKSTLTKLIQRFYIPENGQVL
IDGHDLALADPNWLRRQVGVVLQDNVLLNRSIIDNISLANPGMSVEKVIYAAKLAGAHDF
ISELREGYNTIVGEQGAGLSGGQRQRIAIARALVNNPKILIFDEATSALDYESEHVIMRN

MHKICKGRTVIIIAHRLSTVKNADRIIVMEKGKIVEQGKHKELLSEPESLYSYLYQ

>sp|P08183|392-628 P-gp _Homo sapiens NBD1
LEFRNVHFSYPSRKEVKILKGLNLKVQSGQTVALVGNSGCGKSTTVQLMQRLYDPTEGMV
SVDGQDIRTINVRFLREIIGVVSQEPVLFATTIAENIRYGRENVTMDEIEKAVKEANAYD
FIMKLPHKFDTLVGERGAQLSGGQKQRIAIARALVRNPKILLLDEATSALDTESEAVVQV

ALDKARKGRTTIVIAHRLSTVRNADVIAGFDDGVIVEKGNHDELMKEKGIYFKLVTM

>sp|P21448]389-625 P-gp-Chinese hamster-NBD1
LEFKNIHFSYPSRKDVQILKGLNLKVQSGQTVALVGNSGCGKSTTVQLLQRLYDPTEGVV
SIDGQDIRTINVRYLREIIGVVSQEPVLFATTIAENIRYGRENVTMDEIEKAVKEANAYD
FIMKLPHKFDTLVGERGAQLSGGQKQRIAIARALVRNPKILLLDEATSALDTESEAVVQA

ALDKAREGRTTIVIAHRLSTVRNADIIAGFDGGVIVEQGNHEELMREKGIYFKLVMT

>sp|P21447|388-624 P-gp Mus musculus_NBD1
LEFKNIHFSYPSRKEVQILKGLNLKVKSGQTVALVGNSGCGKSTTVQLMQRLYDPLDGMV
SIDGQDIRTINVRYLREIIGVVSQEPVLFATTIAENIRYGREDVTMDEIEKAVKEANAYD
FIMKLPHQFDTLVGERGAQLSGGQKQRIAIARALVRNPKILLLDEATSALDTESEAVVQA

ALDKAREGRTTIVIAHRLSTVRNADVIAGFDGGVIVEQGNHDELMREKGIYFKLVMT

>sp|P21449]391-627 P-gy Chinese hamster_NBD1
LEFKNVHFSYPSRSGIKILKGLNLKVQSGQTVALVGKSGCGKSTTVQLLQRLYDPTEGVV
SIDGQDIRTINVRYLREIGVVSQEPVLFATTIAENIRYGRENVTMDEIEKAVKEANAYD
FIMKLPHKFDTLVGERGAQLSGGQKQRIAIARALVRNPKILLLDEATSALDTESEAVVQA

ALDKAREGRTTIVIAHRLSTVRNADVIAGFDGGVIVEQGNHEELMKEKGIYCRLVMM
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>sp|P06795|391-627_ABCB1b_Mus musculus_NBD1
LEFKNVHFNYPSRSEVQILKGLNLKVKSGQTVALVGNSGCGKSTTVQLMQRLYDPLEGVV
SIDGQDIRTINVRYLREIIGVVSQEPVLFATTIAENIRYGREDVTMDEIEKAVKEANAYD
FIMKLPHQFDTLVGERGAQLSGGQKQRIAIARALVRNPKILLLDEATSALDTESEAVVQA

ALDKAREGRTTIVIAHRLSTVRNADVIAGFDGGVIVEQGNHDELMREKGIYFKLVMT

>sp|P43245|391-627_ABCB1_ Rattus norvegicus_NBD1
LEFKNVYFNYPSRSEVKILKGLNLKVKSGQTVALVGNSGCGKSTTVQLLQRLYDPIEGEV
SIDGQDIRTINVRYLREIIGVVSQEPVLFATTIAENIRYGRENVTMDEIEKAVKEANAYD
FIMKLPHKFDTLVGERGAQLSGGQKQRIAIARALVRNPKILLLDEATSALDTESEAVVQA

ALDKAREGRTTIVIAHRLSTVRNADVIAGFDGGVIVEQGNHEELMKEKGIYFKLVMT

>sp|P08183|1035-1273 P-gp_Homo sapiens_NBD2
VTFGEVVFNYPTRPDIPVLQGLSLEVKKGQTLALVGSSGCGKSTVVQLLERFYDPLAGKV
LLDGKEIKRLNVQWLRAHLGIVSQEPILFDCSIAENIAYGDNSRVVSQEEIVRAAKEANI
HAFIESLPNKYSTKVGDKGTQLSGGQKQRIAIARALVRQPHILLLDEATSALDTESEKVV

QEALDKAREGRTCIVIAHRLSTIQNADLIVVFQNGRVKEHGTHQQLLAQKGIYFSMVSV

>sp|P21449|1033-1271_P-gy_Chinese hamster_NBD2
VKFNEVVFNYPTRPDIPVLQGLSLEVKKGQTLALVGSSGCGKSTVVQLLERFYDPMAGTV
FLDGKEIKQLNVQWLRAHLGIVSQEPILFDCSIAENIAYGDNSRVVSQDEIERAAKEANI
HQFIESLPDKYNTRVGDKGTQLSGGQKQRIAIARALVRQPHILLLDEATSALDTESEKVV

QEALDKAREGRTCIVIAHRLSTIQNADLIVVIONGKVKEHGTHQQLLAQKGIYFSMVQA

>sp|P21448|1032-1270_P-gp_Chinese hamster_NBD2
VKFNEVVFNYPTRPDIPVLQGLNLEVKKGQTLALVGSSGCGKSTVVQLLERFYDPMAGTV
FLDGKEVNQLNVQWLRAHLGIVSQEPILFDCSIAENIAYGDNSRVVSQDEIERAAKEANI
HQFIESLPDKYNTRVGDKGTQLSGGQKQRIAIARALVRQPHILLLDEATSALDTESEKVV

QEALDKAREGRTCIVIAHRLSTIQNADLIVVIONGKVKEHGTHQQLLAQKGIYFSMVSV
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>sp|P21447|1031-1269_P-gp_Mus musculus_NBD2
VQFSGVVENYPTRPSIPVLQGLSLEVKKGQTLALVGSSGCGKSTVVQLLERFYDPMAGSV
FLDGKEIKQLNVQWLRAQLGIVSQEPILFDCSIAENIAYGDNSRVVSYEEIVRAAKEANI
HQFIDSLPDKYNTRVGDKGTQLSGGQKQRIAIARALVRQPHILLLDEATSALDTESEKVV

QEALDKAREGRTCIVIAHRLSTIQNADLIVVIONGKVKEHGTHQQLLAQKGIYFSMVSV

>sp|P06795]1033-1271_P-gp_Mus musculus_NBD2
VKFNGVQFNYPTRPNIPVLQGLSLEVKKGQTLALVGSSGCGKSTVVQLLERFYDPMAGSV
FLDGKEIKQLNVQWLRAHLGIVSQEPILFDCSIAENIAYGDNSRAVSHEEIVRAAKEANI
HQFIDSLPDKYNTRVGDKGTQLSGGQKQRIAIARALVRQPHILLLDEATSALDTESEKVV

QEALDKAREGRTCIVIAHRLSTIQNADLIVVIENGKVKEHGTHQQLLAQKGIYFSMVQA

>sp|P97046|349-584 LmrA_L. lactis NBD
LSAHHVDFAYDDSEQILHDISFEAQPNSIIAFAGPSGGGKSTIFSLLERFYQPTAGEITI
GGQPIDSVSLENWRSQIGFVSQDSAIMAGTIRENLTYGLEGNFTDEDLWQVLDLAFARSF
VENMPDQLNTEVGERGVKISGGQRQRLAIARAFLRNPKILMLDEATASLDSESESMVQRA

LDSLMKGRTTLVIAHRLSTIVDADKIYFIEKGEITGSGKHNELVATHPLYAKYVSE

>sp|Q9CHL8|349-584 LmrA_L. lactis subsp. lactis (strain IL1403) NBD
LSARHVDFAYDDSEQILRDISFEAQPNSIIAFAGPSGGGKSTIFSLLERFYQPTAGEITI
DGQPIDNISLENWRSQIGFVSQDSAIMAGTIRENLTYGLEGDYTDEDLWQVLDLAFARSF
VENMPDQLNTEVGERGVKISGGQRQRLAIARAFLRNPKILMLDEATASLDSESESMVQKA

LDSLMKGRTTLVIAHRLSTIVDADKIYFIEKGQITGSGKHNELVATHPLYAKYVSE

>sp | P60752|342-578_MsbA_E. coli_NBD
VEFRNVTFTYPGRDVPALRNINLKIPAGKTVALVGRSGSGKSTIASLITRFYDIDEGEIL
MDGHDLREYTLASLRNQVALVSQNVHLFNDTVANNIAYARTEQYSREQIEEAARMAYAMD
FINKMDNGLDTVIGENGVLLSGGQRQRIAIARALLRDSPILILDEATSALDTESERAIQA

ALDELQKNRTSLVIAHRLSTIEKADEIVVVEDGVIVERGTHNDLLEHRGVYAQLHKM
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>sp| Q9HUG8|356-592_MsbA_P. aeruginosa_NBD
LEVRNLSFRYPGTDKQVLDDISFIAEPGOMIALVGRSGSGKSTLANLVPRFYQHNDGKIL
LDGVEVEDYRLRNLRRHIALVTQQVTLFNDSVANNIAYGDLAGAPREEIERAAKAANAKE
FIDNLPQGFDTEVGENGVLLSGGQRQRLAIARALLKDAPLLILDEATSALDTESERHIQA

ALDEVMKGRTTLVIAHRLSTIEKADLILVMDQGQIVERGSHAELLAQNGHYARLHAM

>sp|Q9KQWI|342-578 MsbA V. cholerae serotype-serO1_NBD
VDVKDVTFTYQGKEKPALSHVSFSIPQGKTVALVGRSGSGKSTIANLFTRFYDVDSGSIC
LDGHDVRDYKLTNLRRHFALVSQNVHLFNDTIANNIAYAAEGEYTREQIEQAARQAHAME
FIENMPQGLDTVIGENGTSLSGGQRQRVAIARALLRDAPVLILDEATSALDTESERAIQA

ALDELQKNKTVLVIAHRLSTIEQADEILVVDEGEIERGRHADLLAQDGAYAQLHRI

>sp|Q5EOF2|342-578_MsbA_A. fischeri_NBD
IKVDNVTFTYPTADGPALRNVSFDLPAGKTIALVGRSGSGKSTIANLFTRFYDVDSGEIS
LDGDKIEDYRLPNLRKHFALVSQNVHLFNDTVANNIAYASEGKFTRLEIEKAAELAYASD
FINKMDDGFDTMIGENGASLSGGQRQRIAIARALLONAPVLILDEATSALDTESEKAIQS

ALDELQKDKTVLVIAHRLSTIEDADQILVVDEGEVVERGNHAELIAHDGAYAQLHRI

>sp|Q65U21|345-581_MsbA M. succiniciproducens NBD
VSFKDVSFTYQGKDQPALKHLSFDIPHGKTFALVGRSGSGKSTIANLVTRFYDINQGEIL
LDGVNVQDYTLSNLRTHCSVVSQQVHLFNDTIANNIAYAAKDKYSREQIIAAAKAAHAME
FIEPLENGLDTVIGENGASLSGGQRQRLAIARALLRDSPVLILDEATSALDTESERAIQA

ALEELQKDRTVLVIAHRLSTIEKADEILVIDHGEICERGSHEELLALNGAYKQLHKM

>sp|Q6LPK6|345-581_MsbA _P. profundum_NBD
IQVKNVTFTYPTKDTPALRNVSFDLPAGKTLALVGRSGSGKSTIANLLTRFYDIDSGELI
LDGREVKDYQLSNLRDQVAVVSQNVHLFNDTIANNIAYASGDSFSRADIEKAAELAYAMD
FIKGMPKGLDTMIGENGVSLSGGQRQRLAIARALLRNAPVLILDEATSALDTESERAIQS

ALEELQKDRTVLVIAHRLSTIEGADQILVVDDGEINERGTHGELIKHDGAYAQLHRI
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>sp|Q57R14|342-578 MsbA_S. choleraesuis_NBD
LEFRNVTFTYPGREVPALRNINLKIPAGKTVALVGRSGSGKSTIASLITRFYDIDEGHIL
MDGHDLREYTLASLRNQVALVSQNVHLFNDTVANNIAYARTEEYSREQIEEAARMAYAMD
FINKMDNGLDTIGENGVLLSGGQRQRIAIARALLRDSPILILDEATSALDTESERAIQA

ALDELQKNRTSLVIAHRLSTIEQADEIVVVEDGIIVERGTHSELLAQHGVYAQLHKM

>sp|Q4QP14|347-583_MsbA_H. influenzae_NBD
LEFKNVSFAYQGKEELALNNISFSVPAGKTVALVGRSGSGKSTIANLVTRFYDIEQGEIL
LDGVNIQDYRLSNLRENCAVVSQQVHLFNDTIANNIAYAAQDKYSREEIIAAAKAAYALE
FIEKLPQGFDTVIGENGASLSGGQRQRLAIARALLRNSPVLILDEATSALDTESERAIQS

ALDELKKDRTVIVIAHRLSTIENADEILVIDHGEIRERGNHKALLEQNGAYKQLYSM

>sp|Q6D437|342-578_MsbA_P. atrosepticum NBD
LEFRQVNFAYPARENLALKNINLHIPVGKTVALVGRSGSGKSTIASLITRFYDIQSGEIL
LDGHDLREYRLSSLRNQVALVSQNVHLFNDTIANNIAYARNENYSREEIERAAKMAYAMD
FINKMEHGLDTVIGENGVMLSGGQRQRIAIARALLRDSPILILDEATSALDTESERAIQA

ALDELQKDRTALVIAHRLSTIEKADEILVVEDGRIERGNHTALLATNGAYAQLHRM

>sp| 006967 |341-576_BmrA_B. subtilis NBD
IQLDRVSFGYKPDQLILKEVSAVIEAGKVTAIVGPSGGGKTTLFKLLERFYSPTAGTIRL
GDEPVDTYSLESWREHIGYVSQESPLMSGTIRENICYGLERDVTDAEIEKAAEMAYALNF
IKELPNQFDTEVGERGIMLSGGQRQRIAIARALLRNPSILMLDEATSSLDSQSEKSVQQA

LEVLMEGRTTIVIAHRLSTVVDADQLLFVEKGEITGRGTHHELMASHGLYRDFAEQ

>sp|Q03518|563-802_TAP1_Homo sapiens_NBD1
VQFQDVSFAYPNRPDVLVLQGLTFTLRPGEVTALVGPNGSGKSTVAALLQNLYQPTGGQL
LLDGKPLPQYEHRYLHRQVAAVGQEPQVFGRSLQENIAYGLTQKPTMEEITAAAVKSGAH
SFISGLPQGYDTEVDEAGSQLSGGQRQAVALARALIRKPCVLILDDATSALDANSQLQVE

QLLYESPERYSRSVLLITQHLSLVEQADHILFLEGGAIREGGTHQQLMEKKGCYWAMVQA
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>sp|P36370|480-719_TAP1_Rattus norvegicus_NBD1
VKFQDVSFAYPNHPNVQVLQGLTFTLYPGKVTALVGPNGSGKSTVAALLONLYQPTGGKV
LLDGEPLVQYDHHYLHTQVAAVGQEPLLFGRSFRENIAYGLTRTPTMEEITAVAMESGAH
DFISGFPQGYDTEVGETGNQLSGGQRQAVALARALIRKPRLLILDDATSALDAGNQLRVQ

RLLYESPEWASRTVLLITQQLSLAERAHHILFLKEGSVCEQGTHLQLMERGGCYRSMVEA

>sp|P36370|480-719_ TAP2_Rattus norvegicus_NBD2
VKFQDVSFAYPNHPNVQVLQGLTFTLYPGKVTALVGPNGSGKSTVAALLONLYQPTGGKYV
LLDGEPLVQYDHHYLHTQVAAVGQEPLLFGRSFRENIAYGLTRTPTMEEITAVAMESGAH
DFISGFPQGYDTEVGETGNQLSGGQRQAVALARALIRKPRLLILDDATSALDAGNQLRVQ

RLLYESPEWASRTVLLITQQLSLAERAHHILFLKEGSVCEQGTHLOQLMERGGCYRSMVEA

>sp|Q03519|468-686_TAP2_Homo sapiens_NBD2
VKFQDVSFAYPNRPDRPVLKGLTFTLRPGEVTALVGPNGSGKSTVAALLONLYQPTGGQV
LLDEKPISQYEHCYLHSQVVSVGQEPVLFSGSVRNNIAYGLQSCEDDKVMAAAQAAHADD
FIQEMEHGIYTDVGEKGSQLAAGQKQRLAIARALVRDPRVLILDEATSALDVQCEQALQD

WNSRGDRTVLVIAHRLQTVQRAHQILVLQEGKLQKLAQL

>sp|P13569|423-646_CFTR_Homo sapiens_NBD1
NGDDSLFFSNFSLLGTPVLKDINFKIERGQLLAVAGSTGAGKTSLLMVIMGELEPSEGKI
KHSGRISFCSQFSWIMPGTIKENIIFGVSYDEYRYRSVIKACQLEEDISKFAEKDNIVLG
EGGITLSGGQRARISLARAVYKDADLYLLDSPFGYLDVLTEKEIFESCVCKLMANKTRIL

VTSKMEHLKKADKILILHEGSSYFYGTFSELQNLQPDFSSKLMG

>sp|P13569|1210-1443_CFTR_Homo sapiens_NBD2
MTVKDLTAKYTEGGNAILENISFSISPGQRVGLLGRTGSGKSTLLSAFLRLLNTEGEIQI
DGVSWDSITLQQWRKAFGVIPQKVFIFSGTFRKNLDPYEQWSDQEIWKVADEVGLRSVIE
QFPGKLDFVLVDGGCVLSHGHKQLMCLARSVLSKAKILLLDEPSAHLDPVTYQIIRRTLK

QAFADCTVILCEHRIEAMLECQQFLVIEENKVRQYDSIQKLLNERSLFRQAISP
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>sp|P33527|644-868 MRP1_Homo sapiens_NBD1
ITVRNATFTWARSDPPTLNGITFSIPEGALVAVVGQVGCGKSSLLSALLAEMDKVEGHVA
IKGSVAYVPQQAWIQNDSLRENILFGCQLEEPYYRSVIQACALLPDLEILPSGDRTEIGE
KGVNLSGGQKQRVSLARAVYSNADIYLFDDPLSAVDAHVGKHIFENVIGPKGMLKNKTRI

LVTHSMSYLPQVDVIIVMSGGKISEMGSYQELLARDGAFAEFLRT

>sp|P33527]1293-1527_MRP1_Homo sapiens_NBD2
VEFRNYCLRYREDLDFVLRHINVTINGGEKVGIVGRTGAGKSSLTLGLFRINESAEGEII
IDGINIAKIGLHDLRFKITIIPQDPVLFSGSLRMNLDPFSQYSDEEVWTSLELAHLKDFV
SALPDKLDHECAEGGENLSVGQRQLVCLARALLRKTKILVLDEATAAVDLETDDLIQSTI

RTQFEDCTVLTIAHRLNTIMDYTRVIVLDKGEIQEYGAPSDLLOQQRGLFYSMAK

>sp|Q99T13|340-575_Sav1866_S. aureus NBD
IDIDHVSFQYNDNEAPILKDINLSIEKGETVAFVGMSGGGKSTLINLIPRFYDVTSGQIL
IDGHNIKDFLTGSLRNQIGLVQQDNILFSDTVKENILLGRPTATDEEVVEAAKMANAHDF
IMNLPQGYDTEVGERGVKLSGGQKQRLSIARIFLNNPPILILDEATSALDLESESIIQEA

LDVLSKDRTTLIVAHRLSTITHADKIVVIENGHIVETGTHRELIAKQGAYEHLYSI

>tr|032748|341-576_HorA_L. brevis_NBD
LOQMNHVSFSYDQHHPILSGVSFTAEPNSVIAFAGPSGGGKSTISSLIERFYEPNEGSITI
GNTNITDIQLADWRQQIGLVGQDAAIMSGTIRYNLTYGLPGHFSDEQLWHVLEMAYATQF
VQKMPRGLDTEVGERGVKVSGGQRQRLAIARAFLRNPKILMLDEATASLDSESEMMVQKA

LDQLMANRTTLVIAHRLSTITNADEIYFIENGRVTGQGTHQQLVKTTPLYREYVKN
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Appendix 32: Identification of an allosterically affected region within the NBD with 1°N solution NMR

A) Solution NMR 1H-5N TROSY HSQC resonances of LmrA-NBD, BmrA-NBD and MsbA-NBD for a control residue (gray)
unaffected by nucleotide addition. The ATP-bound state was not recorded yet for the residue K450 (BmrA) and hence no
peak is shown. B) Effects of nucleotide binding to the conserved arginine residue (green) in LmrA, BmrA and MsbA. C) Effects
of nucleotide binding on the residue structurally opposing the conserved arginine residue, W421 in LmrA, W413 in BmrA and
L415 in MsbA. For the two Trp residues, both backbone and sidechain amide chemical shift changes are shown. In the ATP-
bound state no NH resonance was observed for the W413 sidechain. Blue - 10 mM ADP. Red - 10 mM ATP (Figure 39).

A 9F W LmrA-NBD
M

B °F W LmrA-NBD W421F
MWMMW

C °F W LmrA-NBD W457F
NM/MMM
6 F (ppm) 44 46 48

Appendix 33: Assignment of 5-19F-Trp LmrA-NBD WT spectra

A) 1°F NMR spectrum of 5-19F-Trp-labeled LmrA-NBD WT. B) 1°F NMR spectrum of 5-1°F-Trp-labeled LmrA-NBD W421F. C) 19F
NMR spectrum of 5-19F-Trp-labeled LmrA-NBD WA457F. Spectra were recorded in buffer 50 mM BisTrispH 6.5, 50 mM NaCl
at 298 K and referenced to BTFA (Material and methods 12.9. 1D 1% - NMR).
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Appendix 34: Structural integrity of LmrA-NBD constructs
Comparison of LmrA-NBD W457F (brown) and WT (black) by SEC, CD spectroscopy and SDS-PAGE.
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Appendix 35: 19F NMR on LmrA and BmrA confirms involvement of W421/W413 in nucleotide “sensing”4%8

A) 19F solution NMR spectra of 5-19F-Trp-labeled LmrA-NBD with

two native tryptophan residues (W421 and W457). Titration

with MgADP or MgATP shows that only W421 “senses” nucleotide binding. B) 1°F solution NMR spectra of 5-°F-Trp-labeled
BmrA-NBD with one native tryptophan residue (W413). Its position corresponds to W421 from LmrA-NBD. Titration with

MgADP or MgATP shows that residue W413 “senses” nucleotide

binding. Walker A helix is represented in gray and the within

the schematic NBDs (A, B). C, D) Based on the chemical shift perturbations for residue W421 (LmrA-NBD) and W413 (BmrA-

NBD) in A and B, the respective Kp values were determined.
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Appendix 36: Linewidth analysis of the 1°F resonances of the 5-1°F-Trp LmrA-NBD W421 and 5-19F-Trp BmrA-NBD W413 in
the apo state, MgADP titration and MgATP titration, respectively.
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4. CHAPTER IV: DISCUSSION

4.1. Differences in NBD dynamics of the ABC transporter LmrA induced by nucleotide binding

“Lock and key”

“Induced fit*

“Selected fit" =

Appendix 37: Models of protein-ligand (un)binding

“Lock and key” model*9: Both protein and ligand are rigid and their binding interfaces are complementary. Simplest form of
the “Induced fit” model*19: A conformational change is induced at the ligand binding center of a protein by binding the ligand.
In the presence of the ligand the binding center, with one conformation in the apo state, adapts to the ligand, leading to
another conformation of the binding center. “Selective fit” model*®®: The binding site is inherently flexible and adopts
multiple conformations in the apo state. When the ligand binds the preferred conformation, favorable interactions between
ligand and protein are stabilized.

n

2nd potential pathway P, release

1st potential pathway P, release

Appendix 38: Molecular dynamic snapshot of the heterodimeric ABC transporter, TmrAB in the outward-facing occluded
conformation with MgATP-V; (PDB ID: 6RAK) from Hoffmann et al., representing two potential pathways to release
inorganic phosphate after ATP hydrolysis (modified from Hofmann et al., 2019%%?)

One pathway through hydrated channels from the nucleotide binding site towards the C-terminal helices (1) and another
towards the coupling helices (2).
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